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ABSTRACT 
 
This study proposed a concept and a method for building egress analysis.  The works 
of this research include: develop procedures to analyze the egress system of a plan, 
propose methods and a program to identify target spaces in evacuation, present a 
dynamic blocking viewpoint of an egress system, dedicate a way to identify the 
threatening room of fire origin, and create an occupant evacuation model (ESM), 
whose functions are: to simulate the occupant evacuation in a building in the static 
and the dynamic blocking situations, to record the people changes at every 
compartment during evacuation, and to review the clearing times of different 
compartments. 
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Chapter 1 Introduction 
1.1 Research Focus 
      This study tries to develop a procedure by which the architecture plans for 
egress systems can be compared at normal condition evacuation or emergency 
evacuation with static or dynamic blocking.  Static situations means building 
evacuation with all egress paths available (e.g. fire drill), or building evacuation with 
selected egress paths blocked before egress begins (earthquake or terrorist attack).  
Through the evacuation, the path pattern will remain the same until the end of the 
emergency.  Dynamic incidents imply some routes in a building could become 
unavailable due to some reason, such as the pollution of smoke, during the process of 
evacuation.  That also means some paths in a building can become unusable in the 
period of escape.  The pattern of egress system is changing based on the time line of 
evacuation.  Even though dynamic blocking is more complicated, static analysis can 
give different perceptions of performance than dynamic analysis.  Any type of egress 
pattern can only maintain available for a certain period of time and will change into 
another pattern due to the growth of fire and the movement of smoke if in the case of 
fire.  As a result, the modeling can simulate different steps of static situation in 
dynamic blocking.  Hence, a static situation of evacuation is the foundation of a 
dynamic blocking case.  The approach developed in this thesis can also be used to 
compare the evacuation performance for buildings, which include ones that meet the 
codes and those that do not. 
      The critical spaces of egress systems in buildings need to be identified for 
doing evacuation prediction.  Hence, to construct a method to choose the critical 
spaces becomes another focus in this thesis. 
      In evacuation, there are two main portions, which are pre-movement activity 
and the action of escape.  Pre-movement time is one factor of deciding the total 
evacuation time.  Pre-movement time includes recognition time, and occupant 
response time, which may have behaviors other than evacuation such as searching for 
fire, notifying others, calling fire department etc.  The consideration of human 
responses in pre-movement time makes the prediction of this time duration become 
very complex.  This period of times cannot be neglected when doing the evacuation 
analysis.  If occupants delay too much time to start their escape, to evacuate from a 
building may lead to a longer time or even become impossible due to some critical 
spaces in egress paths being blocked.  Therefore, the consideration of pre-movement 
time becomes another focus in this research. 
      Time of travel motion is another period of evacuation time.  Building 
configuration can have great influence on this section of time.  Speed of people 
movement lays the foundation of calculating travel time in buildings’ evacuation.  
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The equations of determining speeds will be discussed in this thesis. 
 
      Computer simulation is an important tool for doing evacuation calculation.  
This study tries to review the present available programs of doing this kind of 
simulation, and plans to develop a simulation method for predicting evacuation times 
of different situations by which various architectural layouts can be compared. 
 
1.2 Subjects Developed 
      Based on the concepts of building egress analysis, some subjects will be 
developed in this research:  
 
z Building code procedure and history of code egress requirements: building 
code requirements of egress systems changed with time and fire experience.  
The historical development of code requirements will be discussed in the 
thesis. 
 
z Calculation of movement and evacuation time: to calculate people movement 
and evacuation time needs some theories and experience of people movement, 
readers can find the subject of how to deal with people movement and to 
calculate the evacuation time from this study. 
 
z Building geometry and egress simulation: the layouts of floor plans and 
egress paths can be simulated as spaces and passage.  This concept will be 
used to describe the geometry of building, so as to simulate that building’s 
evacuation performance. 
 
z Identification of critical spaces of the egress routes: identification of target 
spaces in the configuration is the first step to evaluate the influence of 
blockage to the building evacuation.  The connectivity and occupants’ 
passing time through a target space will be used to main criteria of 
establishing a target space. 
 
z Physiological and psychological influences: physiology and psychology will 
affect pre-movement time and travel speeds.  The former can increase the 
total evacuation time, while the latter will decide the travel time of occupants. 
Both will be reviewed in the analysis of pre-movement time and people 
movement. 
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z Blockage of selected spaces: the blockage of target spaces can be static (in 
earthquake or bomb) or dynamic (in fire).  When dealing with static 
blocking of target spaces, the study will focus on the blockage of one or 
some critical compartments.  If the blockage is due to fire emergency, the 
effects of fire development can be used to decide the sequential blockage of 
target spaces.  Based on the dynamic blocking of critical spaces, their 
influence can then be evaluated. 
 
z Identification of critical rooms of origin for fire: when fire occur from one 
space, from which the fire will start to pollute the critical compartment in 
egress paths and cause a much longer evacuation time, that enclosure may be 
selected as the critical rooms of fire origin.  Because fire is more 
complicated than any other emergencies in building evacuation, it is 
necessary to identify the critical rooms of fire origin for analyzing building 
evacuation.  
 
1.3 Building Architectural Design 
A building is an environmentally regulated enclosed space.  It begins with an 
abstraction but turns out to be built in a world of material realities.  A building is 
designed to offer some spaces for people’s use.  To support and protect those spaces, 
the foundation, structure and enclosure (exterior walls, roofs) must be designed.  To 
access those spaces, horizontal circulations and vertical transportation must be created.  
To propose a good environment and services to the spaces, HVAC, plumbing and 
electrical systems need to be included.  To have a safe environment, fire protection 
systems and materials used for the building should be planed.  To design a building 
is to propose spaces for needs, to arrange those spaces based on occupancy 
characteristics, to communicate the compartments, and to offer a comfortable and safe 
environment. 
 
1.3.1 Circulation 
Circulation presents the normal room-to-room communication and the means of 
emergency movement for the occupants.   It contains horizontal connection such as 
corridors and squares, and vertical transportation like stairs, escalators and elevators.  
The horizontal pattern of circulation can be centralized, circular or mixed types.  The 
vertical portions of circulation are usually arranged in part of the building to make the 
transportation between different floors more smoothly.  Elevators are used in high 
building or planned for the handicapped, and play a part of circulation application. 
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1.3.2 Emergency People Movement 
There are many reasons, which may cause emergency people movement in a 
building, such as fire, earthquake, typhoons, civil disobedience or other threats.  In 
these situations, occupants may need to evacuate from the building as soon as possible. 
Traditionally, dealing with emergency evacuation is by code compliance.  A code 
provides a collection of good practices that improve the situation, but do not look at 
the performance of buildings to evacuate the occupants.   Codes consider 
availability of egress routes but do not consider the effects of potential blockage of 
ways out on time evacuation.  Codes also do not review evacuation time, human 
behaviors or abilities in emergency.  In dealing with the emergency evacuation, the 
blockage of escape paths is very important because it will increase escape difficulties 
and evacuation time.  In most of emergencies, fire is more complicated for 
emergency movement than others because of the rapid change to untenable conditions 
(dynamic); earthquakes do not change the buildings after the initial tremors have 
blocked some exits (static).  Therefore, if fire is handled well, the other emergencies 
can be handled easier. 
 
1.3.3 Egress Systems 
      The egress system is part of the circulation system in the building.  Most of 
the codes use the term “ Means of Egress” for the egress system.  Means of egress is 
defined as a continuous path of travel from any point within a building or structure to 
an open space, which is safe and outside the building.  This system is comprised of 
three distinct parts: the exit access, the exit and the exit discharge.[4] 
The egress paths in a large and complex building can be very complicated and 
are composed of different spaces, such as rooms, corridors, lobbies, and stairs.  
Those spaces may become blocked during an emergency and increase the evacuation 
time of the occupants.  It is not easy to focus on every compartment of egress system.  
But some critical spaces, which will greatly influence people’s evacuation, can be 
chosen as the key enclosures to study the performance of building evacuation.  If 
those spaces are blocked, the escape time becomes longer or even impossible for 
some of the occupants in certain rooms. 
 
1.3.4 Critical Spaces of an Egress System 
      Since critical spaces of an egress system are very important, how to identify 
the spaces of a complicated egress system becomes an important issue.  Critical 
spaces usually have many connections to other compartments and cannot be deleted 
from the layout.  If they are blocked by some reason, the affected area is large.  
Sometimes, the corridors or the spaces in front of the staircases are usually the critical 
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spaces.  Take a floor layout with double-loaded corridors for an example; the critical 
space will be the corridors.  Because that corridor is the key space for occupants in 
every compartment connected to that corridor.  If that corridor space is deleted from 
the configuration, the people in any room connected to that space have no way out of 
that floor. 
      The second criterion for finding a critical space is that the time of occupants 
passing through that space.  If the time of people escape through that space is longer 
than those of the other compartments along the egress paths, that compartment may 
become a critical space of an egress system.  This criterion is for the floor, which 
have a large area and a more complicated configuration where the corridors are not so 
obvious. 
 
1.3.5 Time for Building Evacuation 
      To calculate the evacuation times for buildings, three kinds of situations 
should be considered: 
 
z Normal conditions: in this situation, the environment has good visibility and 
there is no spaces blocked.  Every one moves at usual maximum speed and 
there is no handicapped or handicapped occupants. 
 
z Normal conditions except some selected spaces blocked.  In earthquake 
emergency, the blocked spaces are static (not considering total collapse 
because individuals have no opportunity to leave).  The evacuation time 
will be longer than that of previous condition. 
 
z Dynamic blocking of some spaces: in fire emergency, the blocking of 
spaces will change with time due to the smoke movement between different 
compartments.  Some spaces may only maintain for a certain period of 
time, which is available of letting occupants to pass through.  This 
situation is most difficult for people to escape from a building and the 
prediction of evacuation time become more complicated. 
 
1.3.6 Architectural Layout Comparisons 
      Buildings can have different layouts and different plans of egress system to 
meet their original occupancy needs.  Even though various egress designs can be 
code compliance, yet they will perform differently in emergency evacuations.  Some 
may lead to a shorter evacuation time; some may prevent occupants to escape 
efficiently.   
 5 
In any type of plan designs, there are always some critical spaces, which 
will greatly affect people's movement during emergency.  No matter how those 
spaces are blocked statically or dynamically, an appropriate configuration of plan 
design can still provide a better evacuation result.  Therefore, different kinds of 
layouts can be compared in their evacuation performance. 
 
1.4 Traditional Egress Analysis---Code Approach 
      Traditional analysis of an egress system can be exposed in codes.  They 
usually divide an egress system into different components and size every component 
according to the building's construction materials, occupancies, areas, and other 
factors. 
 
1.4.1 Components of an egress system 
      An egress system includes the exit access, the exit and the exit discharge: 
 
1. The exit access is the part of the means of egress that leads occupants 
from any part of the building to the entrance of an exit.  The exit access 
could be corridors, aisles, balconies, galleries, rooms, porches or roofs.  
The distance from any place in the building to an exit is the travel 
distance, which is regulated in building codes and standards.  Travel 
distances are calculated from the most remote points to the entrance of 
exits, and regulated according to the occupancy and the installation of 
sprinkler system.  This component of the means of egress is very 
important and means that an occupant may expose to fire or combustion 
products during the time he reaches to the exit.  Thus a longer travel 
distance is related to low fire hazard occupancy, low occupant load, and 
the physical and mental situations of occupants the building may 
contains. 
 
2. Exits mean door leading directly outside or through a protected 
passageway to the outside at ground level.  They could be doorways, 
stairways, smoke proof tower, horizontal exits, corridors, ramps, enclosed 
escalator and moving walk way in existing buildings.  When doing the 
exit design, it is very important to provide two opposite direction to exit 
by placing the two exits remote enough from each other. 
 
3. The last part of the egress system is the exit discharge.  It is the location 
that occupants leave from the exit.  Ideally the discharge area is outside 
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the building, but it can also be a passageway located at street level, 
protected by sprinklers or separated from the other area at the same floor 
with a 2-hour fire resistance rating construction (NFPA 101 requirement).  
Also the discharge area should provide enough room for the need of the 
exits, and consider occupants’ exposure of radiant heat or fallen debris.  
If the discharge area is still not a safe places, then another passage should 
be provide to let occupants get away from the building.   
 
 
1.4.2 Building Code 
      Codes and standards are born to make the environment safer and usually based 
on fire experience and the research or the observations related to the lessons learned. 
      A building code is a law or regulation that defines the minimum requirements 
for design and construction of buildings and structures.  The purpose of setting those 
minimum requirements is to protect the health and safety of society.  A building 
code generally is a compromise between optimum safety and economic feasibility and 
usually includes structure design, fire protection, means of egress, interior finish, 
lighting, and sanitation.  In this country, there are NFPA 101 Life Safety Code and 
three main building codes, which regulate the egress system of a building.  Three 
building codes are National Building Code (BOCA: Building Officials and Code 
Administrators), Uniform Building Code (ICBO: International Conference of 
Building Officials), and Standard Building Code (SBCCI: Southern Building Code 
Congress International).  All three building codes are similar in their main frames 
and issues, but the detail requirements are different.  This study plans to use the 
BOCA National Building Code as an example to introduce the development of the 
requirements of means of egress and will be explained in other chapters. 
 
1.5 Summary 
       The aims of this thesis is to understand the building architecture and 
circulation system performance with regard to emergencies, and to compare the 
results of one architectural design with another or an alternative.  Under these aims, 
some research focuses and their relative subjects are developed in the beginning of 
this chapter.  The following objective will be to identify an approach, in addition to 
the code approach, and a model, which can be used to evaluate the performances of 
various architecture designs in their evacuation.  Based on the consideration of these 
objectives, the needs for the approach and the model then are addressed in the later 
chapters. 
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Chapter 2 Evaluation Concept 
 
2.1 Introduction 
      The purpose of this chapter is to give an introduction to the concepts and tools 
that are needed to evaluate or compare a building for egress potential for static or 
dynamic conditions. 
      To evaluate egress routes in a building for evacuation needs to recognize static 
or dynamic situations.  Static situations means building evacuation with all egress 
paths available (e.g. fire drill), or building evacuation with selected egress paths 
blocked before egress begins (earthquake or terrorist attack).  Dynamic incidents 
imply building evacuation with selected egress paths blocked during the emergency 
(e.g. fire).  The latter is more complicated and more difficult than the former.  In a 
static situation, the egress routes are fixed and cannot be changed during the 
evacuation.  As a result, the capacity of egress dimension and the arrangement of the 
egress system will influence the evacuation all the same during the emergency.  
However, in a dynamic circumstance, both the two factors are changed all the time.  
Different spaces of the egress system will contribute various effects to the 
performance of that egress system.  At this time, the awareness of the complexity of 
potential egress routes and the identification of the critical spaces in that egress 
system become necessary to be discussed. 
 
2.2 Complexity of Egress Analysis 
      The arrangement of an egress system is easy to be analyzed for a simple 
configuration.  However, a complex pattern can pose different problems that can’t be 
determined by simple observation.  There is usually difficulty in identifying the 
critical spaces in which a fire can start or the critical spaces that can be blocked in a 
dynamic analysis.  In other words, how can the most severe location for a fire be 
identified for the building?  Observation might be a choice but it has some limitation 
when the building becomes larger.  A network diagram or an adjacency matrix is 
another good tool to help identify spaces that are critical to occupant egress. [1] 
      Figure-2.2.1 is plan layout of a two-story building. [2]  Table-2.2.1 is an 
adjacency matrix example for that building. [3]  In Table-2.2.1, number 1 indicates 
connectivity between rooms and number 0 represents no connectivity.  When any 
space becomes blocked, any connections related to that space are impossible.  In 
other word, number 1 of those connections will change to be number 0.  Table-2.2.2 
is a new adjacency matrix when room 4 is blocked of the same building. 
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Figure-2.2.1A Plan layout (First Floor) 
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Figure-2.2.1B Plan layout (Second Floor) 
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Figure-2.2.2 Network of Figure-2.2.1 
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Table-2.2.1 Matrix of Figure-2.2.1 A & B 
Room 1 2 3 4 5 6 7 8 Outside 
1. Living room 0 1 0 1 0 0 0 0 0 
2. Kitchen 1 0 0 0 0 0 0 0 1 
3. Family Room 0 0 0 1 0 0 0 0 0 
4. Hallway (L) 1 0 1 0 1 0 0 0 1 
5. Hallway (U) 0 0 0 1 0 1 1 1 0 
6. Bedroom 1 0 0 0 0 1 0 0  0 
7. Bedroom 2 0 0 0 0 1 0 0  0 
8. Bedroom 3 0 0 0 0 1 0 0  0 
 
 
 
Table-2.2.2 Adjacency Matrix (Room 4 is Blocked) 
Room 1 2 3 4 5 6 7 8 Outside 
1. Living room 0 1 0 0 0 0 0 0 0 
2. Kitchen 1 0 0 0 0 0 0 0 1 
3. Family Room 0 0 0 0 0 0 0 0 0 
4. Hallway (L) 0 0 0 0 0 0 0 0 0 
5. Hallway (U) 0 0 0 0 0 1 1 1 0 
6. Bedroom 1 0 0 0 0 1 0 0  0 
7. Bedroom 2 0 0 0 0 1 0 0  0 
8. Bedroom 3 0 0 0 0 1 0 0  0 
 
 
For a more complicated configuration, Figure-2.2.3 [4] is the floor plans of 
Beverly Hills Club and Figure-2.2.4 [5] is the network diagram of Beverly Hills Club.  
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Figure-2.2.3 Floor Plans of Beverly Hills Club 
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Figure-2.2.4 Network Diagram of Beverly Hills Club 
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After the critical spaces of an egress system are identified, a computer model 
is needed to simulate a dynamic or static evacuation for evaluating an egress system.  
The computer model must be able to simulate the occupant escape, which includes the 
characteristics of occupants, changes of egress situations based on the fire 
development, the available time of every critical space in egress, dynamic blocking of 
different rooms, and people movement in a building.  Based on a research report 
done by Professor S. Gwynne and Professor E. R. Galea, there are many models 
available in this world and those models for evacuation simulation can be divided into 
two categories: fine and coarse networks.  Those models will be briefly introduced in 
a later chapter.  In the fine network approaches, such as EGRESS, BGRAF, 
EXODUS, MAGNETMODEL, SUMULEX, VEGAU, [6] the compartments in a 
floor space are usually divided and covered with tiles or nodes, whose sizes and 
shapes vary from model to model.  This kind of model are more complex and usually 
need more memory, input time, and running duration but can accurately represent the 
real space layout of the enclosure and locate the internal obstacles and each individual 
at any time.  On the other hand of the coarse network methods, like CRISP II, 
DONAGAN’S ENTROPY MODEL, EXIT89, EXITT, E-SCAPE, EVACSIM, 
EVACNET4, PAXPORT, TAKAHASHI’S MODEL, WAYOUT, [7] the floor structure 
is represented by nodes and arcs.  Irrespective of the enclosure sizes, each node 
stands for a compartment, which includes a room, a corridor, a hallway etc.   This 
method is simpler and need less input work and running time.  However, the 
selection of a model should be appropriate to the needs of the egress analysis.  
Therefore, this thesis developed an ESM simulation for evaluation of building egress. 
      Occupant characteristics are important in running ESM simulation.        
When we consider people movement, movement characteristics (including their 
relationships), and evacuation time estimation are two critical parts for doing 
calculation.  Density, speed and specific flow are the movement characteristics 
people used.  Relationships between different movement characteristics usually 
developed from experiments in various situations, such as railway stations, 
transportation terminals or office buildings.  Evacuation time calculation can be 
obtained by theoretical or empirical way. 
      Another tool was created to identify the critical spaces in an egress system.    
If those spaces are polluted, a great impact of the escape routes can be expected.  
This program is called “layout”, which can be used to identify the important spaces 
(target spaces) for safe evacuation.  It can also produce an adjacency matrix after the 
connection relations of compartments in a building are constructed.  It is also able to 
recognize the rooms, which will have no paths out to the outside if one of the 
compartments in that building is deleted. 
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2.3 Technique of Building Egress Analysis 
      A way of evaluating building egress was developed in this thesis.  The main 
steps to analyze the building egress are: 
 
1. Assume the locations and numbers of building occupants: the initial 
locations and numbers of occupants a building will be assumed according to 
the building’s purpose. 
 
2. Construct the ESM model for that building: the constructing method will 
be illustrated in other chapter. 
 
3. Prediction of People Movement: by running the ESM model constructed, 
we can identify the occupant movement in an ideal evacuation (no blocking 
and no pre-movement) for that building. 
 
4. Identify the “sensitivities” of different target spaces: if we assume the 
different parts of that building become unavailable due to fire and smoke 
spread or other emergencies, the contribution of various portions can then 
be identified.  
 
5. Develop the necessary information for further analysis: 
z Identify the Rooms of Fire Origin: based on fire hazard 
evaluation, some spaces will be assumed to be the rooms of fire 
origin, so that the choice of target spaces can be used to explain 
their effects on means of egress. 
z Identify the Target Spaces for Evaluation: use the tools 
mentioned in this thesis to locate the critical spaces. 
z Develop Design Fire Characteristics: according to the 
occupancy of the building evaluated, some full-scale fire test data 
of the furniture in the room of fire origin can be adopted.  Then 
another fire engineering tools, such as FPEtool’s FREEBURN 
routine or CFAST, can be used to predict the fire scenario for the 
building.  
z Choose the Tenability Criteria: temperature, heat flux, radiation, 
smoke layer height, combustion products, visibility or other 
factors can be chosen as the tenability criteria.  
z Determine the Tenable Duration: based on the definition of 
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tenable criteria, the tenable duration of different compartments 
interested can be calculated. 
 
6. Estimate the Allowable Pre-movement Time of Compartments with 
Occupants: the time of starting to escape is defined as the pre-movement 
time. The longer the allowable pre-movement time is, the better that 
compartment becomes.  By comparing the tenable duration under different 
fire scenarios and the compartment clearing times of running the ESM 
model, the allowable pre-movement time, which means the maximum time 
one occupant have before he starts to escape, can then be estimated. 
 
7. Calculate the Safety Factors of Various Target Spaces: A safety factor 
(SF), which is defined as the tenable duration minus the compartment 
clearing time and divided by the latter, can be used to describe the 
evacuation safety of that space.  If SF is positive, it means the tenable 
duration of that target space is greater than its clearing time; if SF is 
negative, it represents the tenable duration can not offer enough time for 
occupants to pass through and stands for dangerous.  The greater the SF is, 
the safer that space becomes. 
 
2.4 Summary 
      This chapter explains the main evaluation concepts in a building egress 
analysis and describes the tools developed for the needs of this method.  Other 
programs may be substituted for computer models in this method.  Some computer 
models are also introduced in this chapter.  They can be divided into two categories, 
which are fine and coarse networks.  The former is more complex and usually needs 
more memory, input time, and running duration but can accurately represent the real 
space layout of the enclosure and locate the internal obstacles and each individual at 
any time.  The later is simpler and need less input work and running time.  Other 
occupant characteristics can also be used for any particular class of occupants.  In 
other words, this thesis developed a technique, which includes 7 steps, for evaluation 
of buildings for egress. 
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Chapter 3 Egress Analysis and Path Selection 
 
3.1 Introduction 
      Following the previous chapter’s evaluation concept, two main topics need to 
be considered in this chapter.  They are egress analysis and path selection.  For the 
first topic, traditional egress analysis and historical review can be identified in the 
following sections.  After the egress analysis, some issue of path selection become 
important.  Then adjacency matrix will be demonstrated how to identify critical 
target spaces in a dynamic egress analysis.  
 
 
3.2 Traditional Egress Analysis 
      Traditional analysis of an egress system can be exposed in codes.  They 
usually divide an egress system into different components and size every component 
according to the building's construction materials, occupancies, areas, and other 
factors. 
 
3.2.1 Components of an Egress System 
      Most of the model building code and NFPA 101 Life Safety Code use the term 
“ Means of Egress” for the egress system. [1]  A means of egress is defined as a 
continuous path of travel from any point within a building or structure to an open 
space, which is safe and outside the building.[2]  This system is comprised of three 
distinct parts: the exit access, the exit and the exit discharge.[3] 
      The exit access is the portion of the means of egress that leads an individual 
from any part of the building to the entrance of an exit.  It may be corridors, aisles, 
balconies, galleries, rooms, porches or roofs.  The distance that one travels from any 
point in the building to an exit is the travel distance, which is regulated in building 
codes and standards.  Travel distances are calculated from the most remote points to 
the entrance of exits, and regulated according to the occupancy and the installation of 
sprinkler system.  This component of the means of egress is very important and 
means that an occupant may expose to fire or combustion products during the time he 
reaches to the exit.  Thus a longer travel distance is related to low fire hazard 
occupancy, low occupant load, and the physical and mental situations of occupants the 
building may contains.  The average recommended maximum travel distance is 200ft 
(61m), but it will vary with the occupancy and the presence of the sprinkler system. [4]  
Mostly, the travel distance can be increased up to 50 percent if the whole building is 
fully protected with a standard automatic sprinkler system. [5] 
      There are some provisions that are usually considered when designing an exit 
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access: [6] 
 
4. The width of an exit access should be at least sufficient for the number of 
occupants it must accommodate. 
5. The provision of free and unobstructed path to the exits is the 
fundamental principle. 
6. The exit access should be level.  If this cannot be achieved due to small 
change of elevation, a ramp should be used instead of stairs because 
people may fall on the stair if they do not see the steps. 
7. The dead-end corridors are not recommended in designing an exit access 
but are permitted in BOCA in which the dead-end length limit is 20ft 
(6.1m). [7]  NFPA 101 also permit dead-end in most occupancies. [8] 
 
      Exits mean door leading directly outside or through a protected passageway to 
the outside at ground level. [9]  They include doorways, stairways (inside and 
outside stair), smoke proof tower, horizontal exits (a way of passage through a 
fire-resistant wall to a refuge area on the same level in the same building or in an 
adjacent building), corridors, ramps, enclosed escalator and moving walk way in 
existing buildings. [10] When doing the exit design, it is very important to provide 
two opposite direction to exit by placing the two exits remote enough from each other. 
The last part of the egress system is the exit discharge.  It is the location that 
occupants leave from the exit.  Ideally the discharge area is outside the building, but 
it can also be a passageway located at street level, protected by sprinklers or separated 
from the other area at the same floor with a 2-hour fire resistance rating construction 
(NFPA 101 requirement).  Also the discharge area should provide enough room for 
the need of the exits, and consider occupants’ exposure of radiant heat or fallen debris.  
If the discharge area is still not a safe places, then another passage should be provide 
to let occupants get away from the building.  For example, if the discharge space is a 
fenced yard, then the occupants must be able to get out of the yard.  If the exit 
discharge into an alley, the alley must be of sufficient width to accommodate the 
capacity of the occupants the exits serving. [11] 
 
3.2.2 Sizing the Egress System 
      Although the three model building codes (BOCA National Building Code, 
Standard Building Code, and Uniform Building Code) vary in their approaches in 
sizing the components of an egress system, their requirements for the configuration of 
the egress system are similar. 
      The steps to size the components of an egress system are: 
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1. Identify the occupancy and the area. 
2. Evaluate the necessary items regulated: maximum travel distance from 
the most remote point to nearest exit enclosure, largest room that may 
have only one door, maximum length of dead-end corridor, minimum 
clear corridor width, minimum clear door width, minimum stair width, 
and any additional requirements. 
3. Determine the largest single floor. 
4. Recognize the use group of that largest single floor. 
5. Allocate the area per occupant for the use group recognized. 
6. Calculate the occupant load. 
7. Discover the minimum number of exits and decide the exit number. 
8. Compute the occupant load per exit. 
9. Estimate the widths per occupant in corridors, doorways and stairways. 
10. Compute the required widths needed. 
11. Establish the number of door based on its types.  
 
3.2.3 Example of Sizing the Egress Components in BOCA 
     Using the 1993 BOCA National Building Code, assume there is a department 
store basement, sprinklered, dimension 105 x 292.55 ft.  The egress component sizes 
can be designed as the following, based on the steps in the section above: [12] 
 
1. Used Group and area: a department store belongs to Used Group M.  
The area used is 30,720 sq ft. 
2. Necessary items regulated:  
z Maximum travel distance from the most remote point to nearest exit 
enclosure: 250 ft (if unsprinklered, the distance is 200 ft). 
z Largest room that may have only one door: 50 occupants or 75 ft of 
travel distance in the room. 
z Maximum length of dead-end corridor: 20 ft. 
z Minimum clear corridor width: 44 in. for more than 50 occupants, 
and 36 in. for 50 or fewer occupants. 
z Minimum clear door width: 32 in. 
z Minimum stair width: 44 in. for more than 50 occupants, and 36 in. 
for 50 or fewer occupants. 
3. Area per occupant: 30 sq ft per occupant. 
4. Occupant load: 1024 occupants for this floor. (30720 divided by 30) 
5. Minimum number of exits: 4 exits. (3 exits for 501 to 1000 persons and 2 
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for 500 persons or fewer) 
6. Occupant load per exit: dividing 1024 persons by 4 exits gives an 
occupant load of 256 per exit. 
7. Widths per occupant in corridors, doorways and stairways: 0.15 in. for 
doors, corridors and ramps (0.2 in. if unsprinklered); 0.2 in. for stairs (0.3 
in. if unsprinklered). 
8. Corridor required width: 38.4 in. (256 occupants multiply by 0.15 in. per 
occupant). But this width has to be rounded up to the minimum width, 
which is 44 in. 
9. Door type: based on the width required (44 in.), we can choose two 3-ft 
doors, a single 4-ft door, or a pair of 3-ft doors without center mullion. 
10. Stair required width: 38.4 in. (256 occupants multiply by 0.15 in. per 
occupant). 
 
 
3.3 Historical Review 
      Codes and standards are born to make the environment safer and usually based 
on fire experience and the research or the observations related to the lessons learned.  
Take NFPA 101 Life Safety Code as an example, great improvements were made after 
some terrible fires.  The Iroquois Theater fire resulted in the advancement in theater 
fire safety; the Triangle Shirtwaist fire led to the refinement in factories; the Coconut 
Grove fire brought in the improvements in night clubs and the LaSalle, Winecoff, 
MGM Grand, Stouffer’s, and DuPont Plaza fires induced the enhancement in hotels. 
[13]  NFPA 101 was first published in 1927 and named Building Exit Code at that 
time, but the committee on life safety was established since 1913.  In1942 Building 
Exit Code prohibited revolving doors as exits in assembly places because of the 
coconut Grove fire experience.  The 1958 of the Building Exit Code specified exact 
requirements for adequate exits due to the demonstration of the Triangle Shirtwaist 
fire, the Coconut Grove fire and the other ones.  In 1966, this code was reorganized 
and renamed the Life Safety Code.  It also required all school buildings below grade 
to be sprinklered.  The allowable travel distance to the exit was regulated from 100 
feet to 150 feet for normal condition, and up to 200 feet for sprinklered school 
buildings. [14] 
      A building code is a law or regulation that defines the minimum requirements 
for design and construction of buildings and structures.  The purpose of setting those 
minimum requirements is to protect the health and safety of society.  A building 
code generally is a compromise between optimum safety and economic feasibility and 
usually includes structure design, fire protection, means of egress, interior finish, 
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lighting, and sanitation.  In this country, there are NFPA 101 Life Safety Code and 
three main building codes, which regulate the egress system of a building.  Three 
building codes are National Building Code (BOCA: Building Officials and Code 
Administrators), Uniform Building Code (ICBO: International Conference of 
Building Officials), and Standard Building Code (SBCCI: Southern Building Code 
Congress International).  All three building codes are similar in their main frames 
and issues, but the detail requirements are different.  This study plans to use the 
BOCA National Building Code as an example to introduce the development of the 
requirements of means of egress. 
      BOCA published the first edition of the Basic Building Code in 1950, but now 
has changed the code as National Building Code. [15]  This code is primly used in 
the mid-west and northeast portions of this country.  
      The topics included in the BOCA National Building Code are: general 
limitations, maintenance of exits, occupant design load for exits, type and location of 
exits, number of exits, requirements for exit assesses and corridors, doorways, 
horizontal exits, exit hardware, revolving doors, signage and lighting, and smoke 
proof enclosures.  Since the main portions of an egress system are exit access, the 
exit and the exit discharge.  The study tries to focus on the development of 
occupancy load, length of exit travel (travel distance), minimum exit number 
requirement, and the capacity of egress components because the four requirements are 
the most important parts of designing an egress system.   
      From Table-3.3.1 to Table-3.3.5 demonstrate the historical development for 
the four portions.  From these tables, some conclusions can be identified: 
z The occupant loads for designing an egress have some changes, such as 
educational, industrial and institutional use groups, because the 
occupancies become more complicated and can use one area for a whole 
use group. (Table-3. 3.1) 
z Before 1970, in addition to the occupancy, the main factor to determine a 
maximum travel distance was the construction type.  Type 1 (Fireproof 
construction) and type 2 (Noncombustible construction) had more travel 
distance limit for business use group.  Since 1970s, the maximum limits 
for these distances had great increases.  If the buildings are under the 
protection of a sprinkler system, the increases of travel distances become 
even larger.  Additionally, the distance limits for the use group of high 
hazards becomes complicated. (Table-3.3.2) 
z Before 1980s, the requirement for minimum exit number was two; since 
1980s, this requirement has to depend on the occupant load of the 
building. (Table-3.3.3) 
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z There are two methods to determine the exit widths: the flow method 
(before 1980s) and the capacity method (since 1980s).  The former uses 
the theory of evacuating a building in a limit of period of time.  The flow 
rate for this method has been set to be 60 persons per unit width, which is 
22 inches, of passages or doorways.  Credit was only given for a whole 
unit or a half unit, which is 12 inches.  The capacity method uses a 
capacity factor (in. per person) to calculate the exit width.  The widths 
computed in this method means the clear widths of each component of 
egress.  The reason of using this method is to establish a consistent total 
evacuation time in various occupancies. [16]  (Table-3.3.4 and 
Table-3.3.5) 
 
If we compare BOCA with NFPA 101, some things can be concluded: 
 
z When we review exit capacities of BOCA and NFPA101[27], the stair 
capacities in NFPA 101 are almost 0.3 inch per person, but stair 
capacities in BOCA are 0.2 inch per person for sprinklered buildings and 
0.3 ~ 1.0 inch per person for unsprinklered buildings.  If we focus on 
level components (doors, corridors), the capacities are all 0.2 inch per 
person in NFPA 101, but the capacities are 0.15 and 0.2 for sprinklered 
buildings and 2.0 ~ 0.4 inch per person for unsprinklered buildings in 
BOCA.  Those values above mean BOCA is stricter than NFPA 101 for 
sprinklered buildings but looser than FFPA 101 for unsprinklered 
buildings. 
z When we examine common path, dead-end, and travel distance limit of 
BOCA and NFPA 101 [18], NFPA 101 is stricter than BOCA in travel 
distances.  The former are 150 for unsprinklered buildings, 200 for 
sprinklered buildings in almost occupancies. The latter are 200 for 
unsprinklered buildings, 250 for sprinklered buildings. 
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Table-3.3.1 Development of Design Occupant Loads in BOCA 
(Maximum Floor Area Allowances Per Occupant: square ft per occupant) 
Occupancy  Before 1970 1970s 1980s 1990s 
Assembly (A) z 6 (with 
fixed seats) 
z 15 (without 
fixed seats) 
z Determined 
by the 
numbers of 
fixed seats 
z 3~15 
(without 
fixed seats) 
z Determined 
by the 
numbers of 
fixed seats 
z 3~15 
(without 
fixed seats) 
z Determined 
by the 
numbers of 
fixed seats 
z 3~15 
(without 
fixed seats) 
Business (B) 100 100 100 100 
Educational (E) 40 20~50 20~50 20~50 
Factory and 
Industrial (F) 
--- 200 100 100 
Institutional (I) 150 80~240 100~240 100~240 
Mercantile (M) 30~60 30~100 30~300 30~300 
Residential (R) 125 200 200 200 
Storage (S) 300 300 300 300 
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Table-3.3.2 Development of Travel Distance Requirements in BOCA 
(Length of Exit Access Travel: ft) 
Occupancy  Before 1970 1970s 1980s 1990s 
T
and
ype 3 
 4 
Constru
ction 
 Type 1 
and 2 
Constru
ction 
Pro
tect
ed  
Un
pro
tect
ed  
With 
Sprinkl
er 
System 
Without 
Sprinkl
er 
System 
With 
Sprinkl
er 
System 
Without 
Sprinkl
er 
System 
With 
Sprinkl
er 
System 
Without 
Sprinkl
er 
System 
A 100 100 100 200 150 
B 150 150 100 300 200 
F 100 100 100 300 200 
I 75 75 75 200 100 
M 100 100 100 150 100 
R 75 75 75 150 100 
A, B, E, F-1, 
I-1, M, R, S-1 
S 100 100 100 400 
(low) 
300 
(moder
ate) 
300 
(low) 
200 
(moder
ate) 
250 200 250 200 
F-2, S-2      400 300 400 300 
H-1 
H-2 
H-3 
H-4 
75 75 75 75 --- 75 --- 75 
100 
150 
175 
25 
50 
100 
125 
I-2, I-3 100 100 100 200 100 200 150 200 150 
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Table-3.3.3 Development of Minimum Exit Number in BOCA 
1980s 1990s Occupancy  Before 1970 1970s 
Occupa
nt load 
Min. 
exit 
number 
Occupa
nt load 
Min. 
exit 
number 
500 or 
less 
2 500 or 
less 
2 
501~10
00 
3 501~10
00 
3 
Minimum Exit 
Number 
2 2 
Over 
1000 
4 Over 
1000 
4 
 
 
 
Table-3.3.4 Development of Exit Capacity in BOCA (Flow Method) 
(Capacity Per Unit Exit Width) 
Before 1970s 1970s 
Number of occupants Number of occupants 
Without fire 
suppression system 
With fire suppression 
system 
Occupancy 
Stairways Doors 
Stairways Doors, 
ramps and 
corridors 
Stairways Doors, 
ramps and 
corridors 
A 60 90 75 100 113 150 
B 50 75 60 100 90 150 
F 50 75 60 100 90 150 
H 25 40 --- --- 60 100 
I 25 75 22 30 33 45 
M 50 75 60 100 90 150 
R 25 75 75 100 113 150 
S 50 75 60 100 90 150 
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Table-3.3.5 Development of Exit Width in BOCA (Capacity Method) 
(Egress Width Per Occupant—inches per person) 
1980s 1990s 
Without fire 
suppression 
system 
With fire 
suppression 
system 
Without sprinkler 
system 
With sprinkler 
system 
Occupancy 
Stairwa
ys 
Doors, 
ramps 
and 
corridor
s 
Stairwa
ys 
Doors, 
ramps 
and 
corridor
s 
Stairwa
ys 
Doors, 
ramps 
and 
corridor
s 
Stairwa
ys 
Doors, 
ramps 
and 
corridor
s 
A, B, E, F, 
M, R, S 
0.3 0.2 0.2 0.15 0.3 0.2 0.2 0.15 
H --- --- 0.3 0.2 0.7 0.4 0.3 0.2 
I-1 0.4 0.2 0.2 0.2 0.4 0.2 0.2 0.2 
I-2 1.0 0.7 0.6 0.5 1.0 0.7 0.3 0.2 
I-3 0.3 0.2 0.3 0.2 0.3 0.2 0.3 0.2 
 
 
3.4 Path Selection 
      When individuals meet paths with multi-directions, they have to make 
decisions of which path to take.  Their decisions depends on many factors, which 
include persons’ habits, familiarity, social affiliation, access visibility, personal 
experience, light or sizes of different paths, pollution of various routes, and so on.  It 
is not easy to conclude the way individuals will choose.  However, to predict the 
persons escaping in a path by its size might be an acceptable method for handling this 
problem.  As a matter of fact, the present simulation models in the world usually 
allow the users to decide the numbers of occupants to different paths.  The ESM 
model developed in this thesis assumed people escape into two or more than two 
routes according to the dimensions of those paths if the routes occupants can choose 
are not smoke polluted.  Moreover, occupants will not go into the direction if it is 
polluted by smoke or if the destination space is full with persons. 
 
3.5 Methods to Identify a Target Space 
      When a building becomes larger and complex in its floor plans, it is not easy 
to trace the occupants in every compartment, or that compartment is not important in 
the overall evacuation.  At this time, to put our concentration on the critical spaces in 
egress routes becomes very essential.  We can consider those critical compartments 
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as target spaces.  
      A target space can be defined as an area that may be part of the egress system 
and play an important role in doing the smoothly and effective evacuation.  That 
space can also become the target of pollution (combustion products) and deter the 
people’s escape from that building.  If the target space becomes untenable before 
occupants leave or pass through, then the building performance in evacuation is 
considered unsatisfied; if all occupants can go through the target space before it is 
polluted by combustion products, the building performance then is determined 
acceptable.  Hence, the idea of identifying a target space is to make the evacuation 
analysis of the egress system become simple. 
      There are two methods to identify a target space. They are the uses of network 
and adjacency matrix (or list): 
 
1. Network approach: when a floor layout is simple, it is easy to find out the key 
space for selecting the target.  But when the scale becomes larger and 
complicated, it will be difficult to find out the proper room for a target space by 
just viewing the floor plan.  A network diagram representing the connectivity of 
the rooms is easier to identify the target space.  Figure-3.5.1 is a 2-story building 
with 7 rooms. [19]  Figure-3.5.2 is a constructed circulation network. [20]  
From the network diagram, one can identify room 4 or room 5 will be the proper 
rooms for the target spaces.  If room 4 becomes untenable or deleted, then 
rooms 5, 6, 7, 8 and room 3 cannot connect to the outside node. (Figure-3.5.3) 
 
2. Data structure approach: If the network graph is too busy to identify the target 
space, then an adjacency matrix or an adjacency list can be constructed to 
describe the circulation network.  “An adjacency matrix is an n X n matrix M 
where (typically) M[i,j] = 1 if there is an edge from vertex i to vertex j and 
M[i,j]=0 if there is not.” [21]    “An adjacency list consists of an n-element 
array of pointers, where the ith element points to a linked list of the edges 
incident on vertex i.” [22]   Table-3.5.1 is an example of adjacency matrix. [23]  
In Table-3.5.1, number 1 indicates connectivity between rooms and number 0 
represents no connectivity.  In Table-3.5.2, number 1 related to room 4 in 
Table-3.5.1 will be replaced by number 0, which means the original routes 
become impossible. 
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Figure-3.5.1A Plan layout (First Floor) 
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Figure-3.5.1B Plan layout (Second Floor) 
 
 
 
 
 
 
Table-3.5.1 Matrix of Figure-3.6.1A & B 
Room 1 2 3 4 5 6 7 8 Outside 
1. Living room 0 1 0 1 0 0 0 0 0 
2. Kitchen 1 0 0 0 0 0 0 0 1 
3. Family Room 0 0 0 1 0 0 0 0 0 
4. Hallway (L) 1 0 1 0 1 0 0 0 1 
5. Hallway (U) 0 0 0 1 0 1 1 1 0 
6. Bedroom 1 0 0 0 0 1 0 0  0 
7. Bedroom 2 0 0 0 0 1 0 0  0 
8. Bedroom 3 0 0 0 0 1 0 0  0 
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Figure-3.5.2 Network of Figure-3.5.1 
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Figure-3.5.3 Network When Node 4 Becomes Untenable 
 
 
 
 
 
Table-3.5.2 Matrix of Figure-3.5.3 
Room 1 2 3 4 5 6 7 8 Outside 
1. Living room 0 1 0 0 0 0 0 0 0 
2. Kitchen 1 0 0 0 0 0 0 0 1 
3. Family Room 0 0 0 0 0 0 0 0 0 
4. Hallway (L) 0 0 0 0 0 0 0 0 0 
5. Hallway (U) 0 0 0 0 0 1 1 1 0 
6. Bedroom 1 0 0 0 0 1 0 0  0 
7. Bedroom 2 0 0 0 0 1 0 0  0 
8. Bedroom 3 0 0 0 0 1 0 0  0 
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      Network diagram and adjacency matrix can be used to identify critical target 
spaces in egress analysis.  In a simple configuration, to use a network diagram is 
easy to identify the important rooms by visual observation.  However, when the 
building becomes larger and more complex, the adjacency matrix is a better 
alternative to locate the target spaces.  In dynamic egress analysis, network diagram 
and adjacency matrix are also active.  When a target space becomes untenable, its 
representative node in a network diagram will have no connections with other nodes 
(such as Figure-3.5.3).  The remaining diagram can be analyzed again for the 
following target space.  For an adjacency matrix, the critical space has most “1” in 
matrix due to its connections with other spaces.  When the target space becomes 
unavailable, all its number “1” will change to number “0”.  The same situation will 
occur when the next target space is polluted. 
 
3.6 Conclusion 
      This chapter explained egress analysis through historical review.  The 
development of design occupant loads, travel distance requirements, minimum exit 
number, capacity of unit exit width, and egress width per occupant are discussed in 
this chapter.  Some factors affecting path selection and the method to handle 
direction selection are also demonstrated.  To predict the persons escaping in a path 
by its size might be an acceptable method, if all paths are not polluted by smoke, for 
handling this problem.  The ESM model developed in this thesis assumed people 
escape into different routes based on the dimensions of those paths as long as the 
routes are available and do not polluted.  In addition, network diagram and 
adjacency matrix are two methods to identify critical target spaces in an egress 
analysis.  
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Chapter 4 Evacuation Simulation 
4.1 Introduction 
      This chapter describes the present computer models for evacuation simulation, 
and explains the reasoning for selection of STELLA and the development of ESM.  
Some contents of ESM will also be discussed in the following section. 
 
4.2 Models in Evacuation Simulation 
      According to the research of Gwynne and Galea,[1] to perfectly assess the 
potential evacuation efficiency of a building or an enclosure, it is necessary to 
consider four aspects, which are configuration, environment, behavior and procedures.  
Configuration consideration involves building layout, number of exits, exit width, 
travel distance etc.  Environmental aspect needs to consider the debilitating effects 
on the occupants of heat, toxic and irritant gases and the influence of smoke density 
on person’s travel speeds and way-finding abilities.  Procedural aspect includes level 
of occupant evacuation training, staff action in an emergency, occupant’s familiarity 
of the building.  Behavioral aspect covers occupant’s initial responses in an 
emergency and their movement in the building.   
      Every evacuation model usually has its designed purposes and its limitations.  
They can be categorized into three kinds, which are: [2] 
 
z Optimization models: this kind of models assumes the occupants will 
evacuate efficiently and ignore non-evacuation activities.  The 
designers treat the occupants as a homogeneous ensemble and not 
recognizing individual behavior.  EVACNET and TAKAHASHI’S 
MODEL are this category. 
z Simulation models: designers in this group tried to represent the 
behavior and movement in evacuation in order to achieve accurate 
results and to simulate path selection in evacuation.  This family 
includes BGRAF, DONEGAN’s ENTROPY MODEL, EXIT89, 
EGRESS, E-ESCAPE, EVACSIM, EXITT, EXODUS, 
MAGNETODEL, PAXPORT, SIMULEX, and VEGAS. 
z Risk assessment: the developers in this category try to quantify risk by 
performing large amount of runs with statistically variations related 
compartment designs or fire protection measures.  CRISP II, and 
WAYOUT belong to this sort. 
 
      In all the models, the environments in which evacuations take place are 
usually represented by two methods, which are fine network approaches (such as 
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EGRESS, BGRAF, EXODUS, MAGNETMODEL, SUMULEX, VEGAU) and coarse 
network approaches (like CRISP II, DONAGAN’S ENTROPY MODEL, EXIT89, 
EXITT, E-SCAPE, EVACSIM, EVACNET4, PAXPORT, TAKAHASHI’S MODEL, 
WAYOUT). [3]  In the fine network approaches, the compartments in a floor space 
are usually divided and covered with tiles or nodes, whose sizes and shapes vary from 
model to model.  This kind of model are more complex and usually need more 
memory, input time, and running duration but can accurately represent the real space 
layout of the enclosure and locate the internal obstacles and each individual at any 
time.  For the coarse network methods, nodes and arcs are used to represent the floor 
configurations.  Irrespective of the enclosure sizes, each node stands for a 
compartment, which includes a room, a corridor, a hallway etc.   This method is 
simpler and need less input work and running time.  However, it is not easy to trace 
the individual movement in the simulation. 
      Here are characteristic descriptions of some models: [4] 
 
z EXIT89: was developed at NFPA (National Fire Protection Association) 
and used to simulate the movement of large amount of occupants for 
high-rise buildings. 
z PAXPORT: was designed to model the passenger flow through passenger 
terminals and was developed by Halcrow Fox. 
z EXITT: this model was created by Levin at NIST (The National Institute 
of Standards and Technology) and can predict individual actions as a 
function of location, detectors, smoke/fire, time, individual capabilities, 
the gender of the individual through linear programming techniques. 
z EVACSIM: is an event simulator created at the Center for Environmental 
Safety and Risk Engineering (CESARE).  It can predict individual 
movement and identify critical events during an evacuation. 
z E-Scape: is a behavioral system, which tries to map the cognitive 
decisions during an evacuation. 
z SIMULEX: through the use of spatial analysis, it concentrates on the 
physical aspects of the occupants and their effects in evacuation times. 
The way to describe SIMULEX are:  
 Determine the building space 
 Define escape routes 
 Identify individuals (personal characteristics and location) 
 Incorporate speed reduction effects due to surrounding population. 
z BGRAF: a stochastic model established at the University of Michigan, 
which can simulate cognitive processes in evacuation, through the 
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implementation of a graphical user interface. 
z BuildingEXODUS: is a model designed to simulate the evacuation of 
large numbers of occupants form different enclosures and was developed 
by the Fire Safety Engineering Group of the University of Greenwich.  
This model can track the trajectory of all occupants as they escape from 
the enclosure, or are affected by hear and toxic gases. 
z EGRESS: designed to evaluate the decision-making process during 
evacuation by the intelligence techniques. 
z EVACNET: created by the University of Florida and is a network model, 
in which nodes stands for the building spaces, and arcs represent the 
passageways between spaces. 
z WAYOUT: developed at the Australian Commonwealth Scientific 
Industrial Research Organization to predict merging traffic flow in a 
PC-Windows based environment. 
z CRISP II: uses probability biased event trees to predict the evacuation 
behavior of families in domestic residencies. 
 
4.3 Development of ESM 
      Every evacuation simulation has its constrains and specific purpose.  In order 
to support the needs to analysis a building for the thesis, ESM is developed and 
discussed in the following sections of this chapter.  ESM can be used to predict the 
people movement in a building for building egress analysis, especially for dynamic 
blocking of an egress system.  As a result, the next contents of this chapter involve 
what this model does, how it works, the capabilities of ESM, the model construction 
and its needed input, output information, and the validation of this model. 
 
4.4 Model Needs 
      To analyze a building configuration, it is important to realize the people 
evacuation performance of that building in fire.  As a result, a model needs to be 
developed in order to predict the evacuation situations in a building when it is in fire. 
That model needs to consider the dynamic blocking situations of different 
compartments during fire emergencies.  If the dynamic condition can be handled, the 
static situation, like in an earthquake, can thus be solved.   
      After the blockage, the occupants cannot continue to flow into the blocked 
space and the people in that space will try to leave that space using the available 
passages.  Therefore, the people changes at every compartment during evacuation 
must be recorded, so as to understand the time of the last person to leave a space. 
      When the people’s moving situations at every compartment in their processes 
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of escape can be reviewed, we can identify the most congested space in one 
configuration.  The results for different geometrical arrangements can then be used 
to compare each other and examine the strengths and weaknesses between various 
geometrical designs. 
      Hence, a model needs to have the functions of simulating the static and 
dynamic blocking of a building.  In a static situation, some paths are blocked from 
the beginning of the evacuation.  In a dynamic one, routes become unavailable 
according to the emergency impacts on the routes.  Accordingly, any path is possible 
to be unusable at any time during the evacuation process.  This model thus has to 
simulate the occupant movement with dynamic changes of the availability of the 
egress system.  
      In addition, this model also needs to control the flow rate of any passage by 
considering not only the factors of human flow, such as density, but also the ones of 
the human behaviors, such as mobility, access visibility, familiarity or others.  It can 
set different pre-movement times for various compartments due to the consideration 
of every alarm system for relative spaces.  Next section ESM will be discussed based 
on the needs for this model. 
 
4.5 ESM   
      The ESM (Evacuation Simulation Model) developed in this study can meet the 
requirements to simulate different situations in a dynamic blockage of evacuation in a 
building.  In the simulation of dynamic blocking, ESM can make any path in an 
egress system to become unavailable at any time during the evacuation.  For 
example, path one cannot be used in two minutes after the beginning of evacuation; 
path two will become unavailable in three minutes due to the smoke pollution to that 
passage.  ESM is able to let the user set different available times for all paths in a 
building egress system.  If all paths’ available times can be set according to the 
emergency situations, such as the smoke movement or fire spread between the spaces 
in a building, the evacuation simulation of dynamic blocking in the egress system can 
then be predicted.   
This model can also simulate the optimized evacuation, and the phased 
evacuation by setting different pre-movement times for every space in which 
occupants are located.  It is also capable of tracing the occupant changes in every 
compartment of the building during evacuation, and describing the values of passages 
between compartments during simulation because the numbers of occupants in every 
room can be recorded at every time step.  ESM is a network model consisting of 
spaces connected by passages.  Spaces include rooms, corridors, hallways, stairs, 
landings and lobbies.  The passages represent the connections between 
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compartments.   
      This model (ESM) used system-programming software named STELLA, to do 
the simulation.  The reasons of choosing STELLA are: 
 
1. The cost of STELLA is cheap. 
2. It is simple to construct an ESM structure by using STELLA. 
3. STELLA ‘s graphing interface is friendly to a user. 
4. It offers users more controllable abilities for managing people 
movements, especially dynamic blocking of an egress system (different 
spaces can become untenable during an evacuation according to the fire 
development).  
5. It gives the needed information for the analysis of building configuration. 
6. It has shorter running time. 
 
      In order to have easier input and shorter running time, ESM use the coarse 
network approach to describe the building.  Though ESM is not able to trace 
individuals during simulation, it can describe the numbers of occupants in every 
compartment.  Therefore, this model can identify the clearing time of a specific 
compartment (the time when the last occupant passed by).  To consider the 
behavioral features, ESM can also simulate turning back behavior, like other fine 
network method does.  It is also possible to do the phased evacuation by giving 
different pre-movement time for various compartments.  This model can also predict 
the possible trapped occupants in every space, given distinct tenable duration for 
every enclosure or just the ones interested. 
      ESM assumes every compartment; which includes rooms, corridors or 
hallways, lobby, staircase, and exits or destination; as a reservoir, which connects to 
another reservoir with pipelines.  The occupants in one reservoir can flow into 
another one through the pipeline.  The layout and flow directions of pipelines are 
based on the floor plans.   
      This model simulates the occupants in every compartment at every time step, 
which can be set by users.  The results of the simulation can demonstrate tables, 
which describe the numbers of occupants in the compartments concerned, and graphs, 
which depict the changes of occupants, flow rates or other variables defined in this 
model by users.  The results of ESM can be compared with tenable duration for 
every compartment and easily used to find out the possibly trapped occupants in a 
building fire.  In addition, ESM can also be used to simulate different situations, 
such as phased evacuation, or the evacuation of the handicapped with different 
walking speeds. 
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      The functions that ESM possesses are concluded as the following: 
1. Simulate dynamic blockage of evacuation. 
2. Set different available times for all paths. 
3. Predict phased evacuation. 
4. Trace the occupant changes in every compartment. 
5. Describe the values of passages between compartments. 
6. Identify the clearing time of a specific compartment. 
7. Simulate turning back behavior. 
8. Calculate the possible trapped occupants in every space. 
9. Consider the mobility of the handicapped. 
10. Regard the effects of human behavior if necessary. 
   
4.6 Model Construction 
      The preliminary activities needed to run a simulation: 
 
1. Establish the factors controlling people movement between spaces. 
2. Construct a people flow configuration (ESM) according to the layout of 
the building simulated. 
3. Set different assumed situations (such as ideal evacuation, phased 
evacuation, dynamic or static blocking of critical compartments during 
evacuation), or input necessary information, like occupant number, travel 
distance, width etc. 
4. Obtain the outputs. 
 
The discussion of the step1 and step 2 will be presented in the rest of this 
section.  The explanation of step 3 and step 4 is demonstrated in the next two 
sections. 
 
4.6.1 Factors Controlling People Movement between Spaces 
      The flow rate of occupants between different compartments depends on some 
factors, such as travel distances, widths between the passages of the two 
compartments, walking speeds (determined by the density of occupants), 
pre-movement times, tenable duration, mobility, visibility, familiarity, affiliation, and 
complexity.  All these factors can affect the flow rates of pass ages, and can be 
compressed into a Space Compressed Object (SCO).  SCO is a space in STELLA to 
put relative or similar variables, which have relations between, together for further 
calculation without making the whole graph too complicated.  SCO can be hidden 
from the desktop graph but still has influence on the desktop variables, such as the 
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flow rate between compartments. The relations between control factors and the flow 
rate are demonstrated in Figure-4.6.1.1 
      In Figure-4.6.1.1, every circle represents a factor or a computed variable that 
will influence the passage between two compartments.  The arrows among factors 
indicate the relations among factors or variables.  All the variables are standing for 
the following:  
 
“Faff: the factor of social affiliation of occupants 
Ffam: the factor of familiarity of occupants 
Fvis: the factor of access visibility  
Fcompl: the factor of complexity (difficulties) for a space to another 
Fpre: the factor of pre-movement time for one compartment 
Ften: the factor of tenable time for one space 
Fmov: the factor of occupant mobility 
 
The “passage” variable is affected by the variables of “Faff”, “Ffam”, “Fvis”, 
“Fcompl”, “Fpre”, “Ften”, and “flow rate”.  “Fpre” is produced from “pre-movement 
time” variable and “Ften” is created from “tenable time”.  “Fpre” will open the 
passage from the beginning if pre-movement time is zero (occupants in room1 escape 
immediately) and will close the passage if the simulation clock time is still smaller 
than the assumed pre-movement time (occupants will not move until they decide to).  
“Ften” has the same effects as  “Fpre” except that it depends on the tenable duration 
of room2.  “Faff”, “Ffam”, “Fvis”, “Fcompl” will all be set to be one (open) in the 
following simulations to simply the movements.  The “flow rate” is decided mainly 
from “distance”, “width”, “Fmov” (factor of occupant mobility), and “area1”. 
The variable “density” can be computed from “area” and the occupant number 
of room1.  With “density” value, the speed of occupants will be achieved by using 
the equation of Nelson and Maclennan [5].  After considering the mobility of 
occupants, the variable “adjusted speed” can be obtained by multiplying “speed” and 
“Fmov”.  With the information of travel distance and speed, the travel time of 
occupants to room2 can be calculated by dividing distance with speed.  The variable 
“unit flow rate” means the flow rate per meter per second and can be estimated from 
the “density”.  By multiplying “width” and “unit flow rate”, the width flow rate can 
thus be computed.  All the variables in Figure-4.6.1.1 are the main concepts of 
controlling the occupant movement from room1 to room2.  The arrow between 
variables means the variable with the head of that arrow is affected by the variable 
with the start point of the same arrow.  Therefore, in Figure-4.6.1.1 we can identify 
that “flow rate” is affected by “width flow rate” and “travel time”.  “travel time” is 
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influenced by “distance” and “adjust speed”, and so on. 
 
      The equations used in the people movement from room1 to room2 are the 
following: 
 
1. Fpre = IF (TIME<premovement_time) THEN (0) ELSE (1) 
2. Ften = IF (TIME>tenable_time) THEN (0) ELSE (1) 
3. passage = (flow_rate) * (Ffam) * (Fcompl) * (Faffi) * (Fpre) * (Ften) * 
(Fvis) 
4. density =  (room_1) / (area1) 
5. speed = IF(density<0.54) THEN(1.19) ELSE { IF (density<3.8) THEN 
[1.4*(1-0.266*density)]   ELSE(.01)} 
6. adust_speed =  (Fmov) * (speed) 
7. travel_time =  (distance) / (adust_speed) 
8. unit_flow_rate =  (adust_speed) * (density) 
9. width_flow_rate =  (width) * (unit_flow_rate) 
 
 
      The followings are to explain the equations used above: 
1. In equation 1, the value of “Fpre” is 0 when the simulation clock time is 
smaller than the pre-movement time and is set to 1 when the simulation 
clock time is greater than the pre-movement time.  If “Fpre” is 0, then the 
“passage” becomes 0 too because “passage” is multiplied by  “Fpre” and 
other factors. (Equation 3)  TIME, a functional variable in STELLA, 
describes the simulation clock time. 
2. In equation 2, the value of “Ften” is 0 when the simulation clock time is 
greater than the tenable time and is 1 when the simulation clock time is 
smaller than the tenable time.  Zero means the simulation clock time 
exceeds the tenable time of room 2.  Accordingly, no one can enter room 
2 and the passage will become 0, too with the same reason in 1. 
3. Equation 3 shows the flow rate of passage is the multiplication of 
“flow_rate”,  “Ffam”,  “Fcompl’, “Faffi’, ‘Fpre”, “Ften”, and “Fvis”. In 
this thesis, all the variables related to behavior will be set to one, only 
pre-movement time and tenable duration will be considered.  That means 
the human factors are not considered temporally.  
4. In equation 4, density of room1 is obtained through dividing the occupant 
number by the area of room1.  This is also the definition of occupant 
density in a room. 
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5. The travel speeds of occupants are calculated through equation 5.  When 
density is smaller than 0.54 persons per m2, the speed adopts the free 
walking speed value of 1.19 meter per second.   If density is greater than 
3.8 persons per m2, the occupants are moving very slowly (0.01 is assumed 
in this model).  This is based on the results given by Nelson and 
NacLennan. [6] 
6. Equation 6 means the adjusted speed is affected by the mobility of 
occupants.  If the occupants are normal, then “Fmov” will be set to one.  
That implies a normal person’s mobility is 1.  That will not affect the 
adjusted speed. 
7. After achieving the adjusted speed of the occupants, the travel time to 
room2 can be obtained by equation 7.  This is a demonstration of “Time 
is obtained from dividing distance by speed”  
8. In equation 8, the unit flow rate can be calculated by multiplying speed 
with density. This is also according to the equation given by Nelson and 
NacLennan. [7] 
9. The width flow rate will be estimated by equation 9 based on the equation 
given by Nelson and NacLennan. [8] 
 
4.6.2 Constructing an ESM Configuration for the Building Evaluated 
     Next step is to construct the ESM configuration based on the physical geometry 
of the building.  Figure-4.6.2.1 [9] is the layout of an example building and 
Figure-4.6.2.2 represents the ESM configuration for that building.  In Figure-4.6.2.2, 
“r” represents rooms. “l” stands for landings. “s” is stairs. “c” symbolizes corridors. 
“lo” depicts lobbies. “d” presents destination.  The first number behind the character 
is the floor where that room is located and the second one represents the enclosure 
number.  For example: r31 represents the first room on the third floor.  The passage 
between two rooms is named with the enclosures connected.  For instance: r31_c31 
stands for the passage between compartment r31 and compartment c31. 
      Figure-4.6.2.2 is a graph based on the original building layout and is easily to 
identify the relation between spaces, not like EVACNET’s list presentation.  In 
addition, the ESM constructer can control the details of people movement and 
pre-movement situations.  
      In order to assemble the factors for every passage, a special object called 
Space Compressed Object (SCO) will be created.  All the necessary information is 
collected in SCO.  Every spaces and every passage flow has its own SCO, which 
stores the necessary data or factors for that passage or room.  SCO can be hidden in 
order to make the desktop graph (Figure-4.6.2.2) clear.  Figure-4.6.2.3 shows the 
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SCO, in addition to the compartments and the flows.    The information for 
compartment SCO includes pre-movement time, tenable duration, capacity and area.  
For example, the variables in r31 (room31) SCO are “r31 Tpre”, “r31 Tten”, “r31 
capacity”, and “r31 area” (Figure-4.6.2.4).  The inputs for passage SCO are travel 
distance and width, and some operational variables (like “open”, “full”, and width 
flow rate).  The factors in the passage flow from r31 to c21 (r31 c31 SCO) are “fw”, 
“distance”, “width”, and “r31c31 open” (Figure-4.6.2.5). 
      The pre-movement time can be used to do the optimized evacuation by setting 
them to zero for all compartments, or to simulate the phased evacuation by setting the 
different values of pre-movement times for various compartments under the 
assumption of room of fire origin.  The occupants in an enclosure will not move until 
the simulation clock time is greater than the pre-movement time. 
      The tenable duration can be used to prevent the entering of occupants from 
other spaces.  If the simulation clock time is equal to the decided tenable time (when 
an enclosure reaches its tenable duration), the inflows and outflows, associated to that 
space, will be set to zero in this model. 
      The operational variable “open” is designed to control the passage when to 
open or to close.  There are some situations that the “open” variable will set to close.  
When the simulation clock time is equal to or greater than the tenable duration of a 
room, the “open” will be defined as zero and then the flow will be stopped.  This 
means when one space becomes untenable, there will be no occupants walking into.  
Another situation to stop the flow is the time when the compartment is full of 
evacuees due to its capacity.  This implies that when a space is filled with occupants, 
it will not allow any occupant to enter again.  When this happens, variable “full” will 
be set to zero and than thus make the “open” variable close the passage.  When 
consider the turning back behavioral response, the “full” or “open” variables can also 
be designed to change the flow direction, which indicates when occupants knowing 
the space ahead becomes untenable or full of evacuees, they will alternate their 
walking direction to another compartment. 
      In the ESM model for this building, the movement of people between two 
spaces is simplified and the travel speed for horizontal movement will be assumed to 
be 1 m/s. The travel time for stairs will expect to be 16 seconds.  Thus, the variables 
in a compartment SCO can be decreased. 
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Figure-4.6.1.1 Factors Controlling the Occupant Flow Rate between Two Rooms 
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Figure-4.6.2.1 Floor Plans of an Example Building 
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Figure-4.6.2.2 Constructed ESM Model for the Example Building (with SCO 
Hidden) 
 
 
 
 
 
 
 
 
 46
r31
c31
r32 r33
s32 s31
s22 s21
s12 s11
c21
r21 r22
r31 c31
r32 c31 r33 c31
c31 s31
c31 s32
s31 s21s32 s22
r21 c21
r22 c21c21 s22
c21 s21
s21 s11s22 s12
r11
c11
c12
d11
lo11
c13
s12 lo11
r11 c11
r11 lo11 r11 c12 s11 c12
c12 d11
c13 d11
c13 lo11
c11 lo11 c11 c12
d12
lo11 d12
r31 c31
c31s31c31 s32
r33 c31
r32 c31
r21 c21
r22 c21 c21 s21c21 s22
s11 c12
c11 c12
c11 lo11
r11 c12
r11 lo11
c13 lo11
c13 d11
r11 c11
s12 lo11
lo11 d12
s31 s21
s32 s22
s21 s11
s22 s12
c12 d11
s21
r31
r32
r33
c31
s32
r22
s22
r21
s31
s11
s12
lo11
c11 c12
r11
c13
c21
 
Figure-4.6.2.3 SCO in the ESM Model for Example Building 
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Figure-4.6.2.4 Contents in r31 SCO 
 
 
 
Figure-4.6.2.5 Contents in r31c31 SCO 
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4.7 Information Requirements 
ered a more performance-based approach, both the 
el needs the information, 
z The locations and numbers of building occupants:  the location of 
z  and exits: the designs of the egress 
z m 
      Because the study consid
people movement through the egress system, as well as the smoke movement inside 
the building must be reviewed.  The former has to review the location of occupants, 
the pre-movement time factors (such as alertness, role, commitment, or status), the 
movement speeds related features (like, familiarity, clothing, audibility, visibility, 
moving ability, age, gender, training and occupant density) and the egress design.  
The latter needs to examine the design fire pertaining to the occupancy of that 
environment, smoke movement between compartments and the egress system, and the 
life safety criteria.  After considering the race between occupant evacuation and 
smoke movement, the performance of an egress system-- how they can conduct the 
occupants out to the building safely, can thus be evaluated. 
      Based on the performance concept, an ESM mod
which includes: 
 
occupants is related to the starting point of evacuation and the time to 
receive the message of fire.  The numbers of occupants will affect the 
congestion in the egress path when doing the evacuation.  Thus the two 
items need to be examined first.  Based on the occupancy of the building, 
the occupants can be assumed to be located at the spaces of rooms.  The 
numbers of occupants in every compartment need to consider the space 
capacities of each room.   In the space of the egress system, there will 
be no persons assumed, because the purpose of the egress is to conduct 
the occupants out of the building.  
Geometry layouts of egress paths
system in a building will affect the flow directions and patterns for the 
occupants to evacuate from that building.  Thus, the plan layout of a 
structure is the necessary information to construct an ESM model.  In 
addition to the configuration information, the dimensions of the building, 
like travel distances, corridor or exit widths, are also needed in 
constructing the movement situations between different compartments. 
Selection of the room of fire Origin: the purpose of identifying the roo
of origin for evaluation is to understand the fire performance in the 
building evaluated.   Based on the performance predicted, any potential 
problems in life safety can then be identified.  Thus, further alternatives 
can be proposed for improving the potential threat to the building and 
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meet the required life safety design objectives.  Therefore, the proper 
selection of rooms of origin is very important to really reflect the real 
threat to the building.  Thus, the selection of a room of fire origin may 
be: 
z The smoke produced by the design fire of this room will pervade the 
z 
h a lot of people. 
p most of the 
z Identification of the target spaces: the purpose of identifying a target 
 
z ment for 
 
z hen a building is in fire, the 
egress routes, which have high sensitivities. 
The room contains lots of occupants. 
z The room is next to a public space wit
z The room, if under a design fire in that use, seems to tra
occupants. 
space is for further evaluating the threats to life safety or properties.  The 
target spaces are the compartments, which are “important” in the egress 
routes and the smoke movement paths.  It means the compartments 
chosen have to be the key points in which most of occupants must pass 
through when doing evacuation, or to be the spaces (areas of refuge) 
where people have to stay for a certain time in a phased evacuation.  
Target spaces can be defined as areas, which are parts of the egress system 
and have critical effects on doing the smoothly and effective evacuation. 
On the other hand, this space can also become the targets of smoke 
pollution and deter people movement in evacuation.  If the target spaces 
become untenable before occupants leave or pass through, then the 
building performance in evacuation is considered unsatisfied; if all 
occupants can go through the target space before it is polluted by 
combustion products, the building performance then is determined 
acceptable.  Therefore, the purpose of choosing target spaces is to 
simplify the egress system for analyzing the evacuation safety.  
Development of design fires: a design fire is the critical ele
building fire safety evaluation.  Based on certain design fire 
characteristics, further analysis for life safety damages of the buildings 
can then be made.  When a design fire is developed, the further threats, 
such as the products of combustion, to occupants can be predicted. 
Based on the estimation of design fire development, the tenable duration 
for any target space is able to calculate. 
Decision of the tenability criteria: w
production and transportation of combustion products will make any 
compartment, including the room of fire origin, become untenable.  
After the untenable situation occurs, it is impossible for any occupant to 
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evacuate through that target space. Therefore, the determination of the 
tenability criteria becomes the first step to calculate the tenable duration 
in a space.  Toxicity, heat, visibility and the smoke layer height are often 
used as tenability criteria. (Table-4.7.1 is an example of the comparisons 
of different tenability criteria adopted by main design guides and 
recommendations from some researchers.)  Though there are so many 
kinds of criteria recommended, ESM tries to use smoke layer height as 
tenability criteria for determination of the available time for a specified 
space.  The reasons may be described as:  
z When the smoke layer height reaches the normal height of an 
z f tenability is dealing with the 
z ppens before other toxic 
 
Table 4.7.1–Comparison of Tenability Criteria 
 Con
ion 
Smoke layer 
occupant, the smoke then start to interfere the movement of that 
person and the tenable condition.  After that time, the visibility 
begins to be an issue of concern. 
Like visibility, the evaluation o
onset of untenable conditions and not to predict death or injury 
which may be individual dependent relating to toxic effects.  The 
reach of certain smoke layer height can be considered as the 
beginning of smoke’s effects on people. 
Visual obscuration by smoke usually ha
gas concentration increase and become to an issue, in which the 
prediction models are still under development due to lack of 
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Smoke Movement and
p27 
space starts from the ignition of fire to the occurrence of untenable 
situations for that space.  This tenable duration means the time for the 
occupants in this building have to evacuate from or pass through that 
target space.  Therefore, to estimate the time length is essential for doing 
the building evacuation safety.  This study assumes the room of fire 
origin is a smoke generation source and pumps smoke into other 
compartments.  The propagation of smoke will pollute the compartments 
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related and make them become untenable after a specified time.  Hence, 
how the smoke moves and remains in a compartment will affect the 
tenable duration of a target space.  CFAST will be used to simulate the 
smoke movement in a building and the development of the situations in 
every compartment related, based on which can determine the tenable 
time of a target space. 
Situations assumptionz : based on the situations assumed, some variables 
 
     After collect the information needed and run the ESM model, some output can 
4.8 Output Information 
       an ESM model can demonstrate the value changes 
he changes of occupants in every enclosure and the flow rate at any passage 
can be set to some values.  If the evacuation is an ideal condition, no 
blockage and no delay for occupants, then the pre-movement times for 
different compartments are set to zero.  In the case of a static blocking, 
flows of some passages connecting blocked spaces will be zero from the 
beginning of the simulation.  If the case is a dynamic blocking, the 
blockages of some connection between compartments will become 
variable according to the tenable duration prediction of target spaces. 
 
be obtained.  The outcome of ESM will be discussed in next section. 
 
The output information of
of different variables, such as occupants in every compartment, flow rate at any 
passage and the operational variables (such as “open” or “close”), during simulations.  
Figure-4.8.1 to Figure-4.8.5 are the relations of simulation clock time to the numbers 
of successful evacuees at the destinations in both cases (example building in section 
3.4; rooms of fire origin-ROO at r31 and r21) with various pre-movement times 
(0-0-0 means an ideal evacuation; 10-20-30 indicates 10 seconds for the ROO, 20 
seconds for the other rooms on the fire floor and 30 seconds for the rooms on non-fire 
floors) 
      T
selected can also be the output of ESM.  Figure-4.8.6 to Figure-4.8.8 demonstrated 
the occupant changes in different floors when ROO is at R31 and the Pre-movement 
time is 30,60,120. 
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Figure-4.8.1 Evacuees at Destinations (ROO: R31; 0,0,0) 
 
 
 
 
 
 
Figure-4.8.2 Evacuees at Destinations (ROO: R31; 10,20,30) 
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Figure-4.8.3 Evacuees at Destinations (ROO: R31; 30,60,120) 
 
 
 
 
 
 
 
Figure-4.8.4 Evacuees at Destinations (ROO: R21; 10,20,30) 
 
2:
2:
2:
0.00
100.00
200.00
2: d12
1 1
1
1
2 2
2
2
2:
2:
2:
0.00
100.00
200.00
2: d12
1 1
1
1
2
2
2
2




























































   
   
   
   
01:09 PM   2000閑5形22庇
0.00 50.00 100.00 150.00 200.00
Time
1:
1:
1:
0.00
50.00
100.00
1: d11
Graph 1: p6 (r21-destination-pre-…
 
 
 
 
 57
  























































   
   
   
01:49 PM   2000閑5形22庇
0.00 70.00 140.00 210.00 280.00
Time
1:
1:
1:
2:
2:
2:
0.00
50.00
100.00
0.00
100.00
200.00
1 1
1
1
2 2
2
2
Graph 1: p6 (r21-destination-pre-…
1: d11 2: d12
      

Figure-4.8.5 Evacuees at Destinations (ROO: R21; 30,60,120) 
 
 
 
 
 
Figure-4.8.6 Occupants Changes of Compartments in the 3rd Floor 
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Figure-4.8.7 Occupants Changes of Compartments in the 2nd Floor 
 
 
 
 
 
 
Figure-4.8.8 Occupants Changes of Compartments in the 1st Floor 
 
.9 Model Validation 
the ESM method will be used to simulate two experiments in 

2:
2:
2:
2: r22

2:
2:
2:
0.00
15.00
30.00
2: c11

5:
5:
5:
0.00
20.00
40.00
5: s22
1 1
1
1
2 2
2
23 3
3
34
4
4 45
5
5
5

5:
5:
5:
0.00
20.00
40.00
5: lo11
1 1 1
12 2
2
23 3
3
34 4 4 4
5
5 5
5




























































   
   
   
     
04:19 PM   2000閑5形20庇
0.00 62.50 125.00 187.50 250.00
Time
1:
1:
1:
3:
3:
3:
4:
4:
4:
0.00
40.00
80.00
0.00
20.00
40.00
-1.00
0.00
1.00
1: r11 3: c12 4: c13
Graph 1: p3 (f1-pre-30,60,120)
 
4
      In this section, 
one terminal of Taipei Mass Transportation System in Taiwan. [10]  This terminal 
has three floors, one ground level and two underground stories.  The upper 
 59
underground floor is a lobby, which connects with some underground shopping streets.  
The lower underground level is a platform.  In the future, this terminal plans to link 
with other stations by constructing more underground streets at the lobby level. 
      The experiments of people movement were conducted on January 30th in 1997.  
z All the occupants evacuated at the same time when the fire alarm system 
z In the process of evacuation, people did not turn back. 
d at this experiment. 
se the nearest exit 
 
.9.1 Experiment results 
experiments, the passengers are assumed to stay at the 
 
.9.2 ESM simulations 
ructed two ESM models to simulate the two evacuations.  
In the exercises, there were totally 513 persons involved, including 478 college 
students and 35 staff from this terminal.  The student occupants were located at the 
platform area (Figure-4.9.1) in the beginning of each experiment and evacuated to the 
ground level.  There were some rules in this evacuation: 
 
went off. 
z Occupants did not delay for escape. 
z Human responses were not considere
z Evacuees located in the platform area in average density. 
z Involved persons knew the escape routes and would choo
except when led by staff arranged in the exercise (the second experiment). 
4
       In the beginning of 
platform areas and evacuate to the ground level.  The platform was divided into four 
areas: A, B, C, and D (Figure-4.9.1).  The first experiment was in Area-A and 
assumed to have 172 persons in this area.  All occupants escaped from the two sides 
of the stair in Area-A.  The figures from Figure-4.9.1.1 to Figure-4.9.1.4 represent 
the situations in evacuation.  The area clearing time (the time when the last 
passenger entered the staircase) for this experiment is 23 second and the total 
evacuation time was one minute and forty second.  The second experiment was 
conducted at Area-B and 506 participants were arranged.  In the first 23 seconds of 
the experiment, occupants had to use one of two escalators because another one could 
not be used.  After 23 seconds, some occupants could walk to Area-A and use the 
stair (only one side of the stair) to evacuate due to the instruction of terminal staff. 
The area clearing time for experiment 2 was 2 minutes 40 seconds and the total 
evacuation time was 4 minutes 34 seconds.  Figure-4.9.1.5 to Figure-4.9.1.8 displays 
the situations in the second experiment. 
 
4
      This study const
Figure-4.9.2.1 was the model of the first experiment, while Figure-4.9.2.2 represented 
 60
the arrangement of the second one.  In these two models, “R” depicted the divided 
spaces; “S” described the staircase; “E” displayed the escalator, which was not in 
operation during the evacuations; and “D” illustrated the destinations.  Figure-4.9.2.3 
and Figure-4.9.2.4 demonstrated the symbols relating to the spaces.  The concepts of 
people movement between two spaces are similar to those explained in 2.4.2 of this 
chapter but the human response factors (such as Faff”, “Ffam”, “Fvis”, “Fcompl”, 
“Fpre”, and “Ften”) will not be included.  In Area-B simulation, the flow from 
Area-B to Area-A was blocked for 23 seconds.  This situation was similar to the 
method adopted in the CIB building simulation. 
       The output of two models is collected from Figure-4.9.2.5 to Figure-4.9.2.8.  
Table-4.9.2.1 Experiments and Simulation Results 
 persons) 
Table-2.9.2.1 depicted the main results of ESM simulations.  From this table, we can 
identify that both the platform clearing time and the total evacuation time of the ESM 
simulations are within 10 seconds differences when compared to the experiment 
results. 
 
 
 
 
Area A (172 persons) Area B (506 
Experiment 23 seconds 160 seconds Platform 
 
Clearing 
Time (sec)
Simulation 24 seconds 167 seconds 
Total 
Evacu
Time (sec) 
ation Simulation 98 seconds 270 seconds 
 
Experiment 100 seconds 274 seconds 
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Figure-4.9.1 Platform Layout 
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Figure-4.9.1.1 the Beginning of Area-A Experiment 
 
 
 
 
Figure-4.9.1.2    10 Seconds after Area-A Experiment Began 
 
 
Figure-4.9.1.3    20 Seconds after Area-A Experiment Began 
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Figure-4.9.1.4    23 Seconds after Area-A Experiment Began 
 
 
 
Figure-4.9.1.5 the Beginning of Area-B Experiment 
 
 
Figure-4.9.1.6    23 Seconds after Area-B Experiment Began 
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Figure-4.9.1.8   2 Minutes and 40 Seconds after Area-B Experiment Began 
 
 
Figure-4.9.1.7   2 Minutes after Area-B Experiment Began 
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Figure-4.9.2.1 the ESM model for Area-A Experiment 
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Figure-4.9.2.2 the ESM model for Area-B Experiment 
 
 
Figure-4.9.2.3 Spaces Arrangement for ESM Model (Area-A) 
 
 
 
Figure-4.9.2.4 Spaces Arrangement for ESM Model (Area-B) 
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ure-4.9.2.5 Output of ESM Model for Area-A (Spaces in Area-
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Figure-4.9.2.7 Output of ESM Model for Area-B (Spaces in Area-B) 
 
 
 
 
 
 
Figure-4.9.2.8 Output of ESM Model for Area-B (Destination) 
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4.9.3 Sensitivity Test of ESM 
     This section will discuss the sensitivity tests of the main variables in ESM to 
the total evacuation times.  Speed and Flow rate can be selected as the important 
, “Fvis”, 
luence 
ferent 
ables, we 
.  When 
 they have greater 
fects flow rate 
Table-4.9.3.1 Evacuation Times from Different Travel Speeds 
peed 
(m/s) 
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 
 
factors that affect the evacuation times.  The factors of “Faff”, “Ffam”
“Fcomp ll be combined to be one element (called Factor F), which has inf
on speed and flow rate.  Table-4.9.3.1 to Table-4.9.3.4 demonstrates the dif
evacuation times by changing various variables (such as speed, flow rate, and Factor 
F) for the example building in this Chapter.  Figure-4.9.3.1 to Figure-4.9.3.4 
represents the trend lines from Table-4.9.3.1 to Table-4.9.3.4.  From these T
can identify that these variables have influence on the total evacuation time
speed is less than 0.9 m/s or flow rate is below 1.3 persons /sec/m,
impacts on the results (Figure-4.9.3.1 to Figure-4.9.3.2).  If Factor F af
directly, it has more effect on the total evacuation time (Figure-4.9.3.3 to 
Figure-4.9.3.4).  
 
l” wi
S
Evacuation 
me (sec) 
209 195 184 174 156 156 156 152 151 149 148 
ti
 
 
 
Table-4.9.3.2 Evacuation Times from Different Flow Rates 
Flow Rate 
(persons/sec) 
1 1.1 1.2 1.3 1.4 1.5 
Evacuation 
Time (sec) 
192 178 168 156 147 145 
 
 
Table-4.9.3.3 Evacuation Times from Different Values of Factor Affecting Speed 
Factor 
(speed) 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Evacuation 
ime (sec) 
359 275 233 209 195 184 174 156 156 
T
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Table-4.9.3.4Evacuation Times from Different Values of Factor Affecting Flow 
Rate 
 0.5 0.6 0.7 0.8 0.9 1.0 Factor 0.2 0.3 0.4
(flow rate) 
Evacuation 
Time (sec) 
646 443 337 274 234 206 187 171 156 
 
 
 
 
 
Figure-4.9.3.1 Relation of Speed and Evacuation Time
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Figure-4.9.3.2
 Relation of Unit Flow Rate and Evacuation Time
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Figure-4.9.3.3
 
 
 
 
 
Relation of Factor F (flow rate) & Evacuation T ime
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Figure-4.9.3.4 Relation ofFactor F (sped) & Evacuation
Time
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.10 Summary 
     This chapter introduced computer models for evacuation simulation and 
 
is to simu
emergency.  
the clearing  
and num  
inform
 
 
 
 
4
 
explained that the ESM was developed in order to meet the needs of this study, which
late the occupant movement in dynamic blocking building during an 
 ESM can be used to predict the occupant movement situations, such as
 times of different compartments or floors, the destination arrival times
bers of occupants, and the changes of destination conditions when any path is
blocked.  In addition, the model structure, information requirements and output 
ation of ESM were also discussed in different section.  Finally, the validation 
of ESM using an experiment in Taiwan Subway was reviewed at this chapter. 
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Chapter 5 Occupant Characteristics 
    
whic ss visibility, 
so o
whic nts decide to 
build
of oc  which could 
    
their rts for doing 
u
peop ually 
trans n be 
secti
5.1 M
peop
z 
     Density is the number of persons in a unit area of a room or walkway, (e.g., 1 
erson/m2) and is the indication of the degree of crowdedness in an escape route. 
 Speed, S: [1] [2] 
     Speed is the distance covered by a moving person in a unit of time (e.g., 1 
/sec).  In observations and experiments, the speed of evacuation flow has shown to 
e a function of the population density.  If the population of density is less than 
bout 0.54 persons per square meter (0.05 persons per square foot) in an escape route, 
dividuals can move at their own pace, and not be obviously affected by others.  If 
e population density exceeds about 3.8 persons per square meter (0.35 persons per 
quare foot), no movement seems to take place. 
 Flow, F: [3] 
 
  Occupants’ responses to an emergency depends on the their characteristics, 
h may involve personal habits, familiarity, social affiliation, acce
personal experience, light or sizes of different paths, pollution of various routes, and 
n.  In this study, all these factors will be lumped into the pre-movement time, 
h means the duration of occupants starting to escape.  When occupa
evacuate, they have to travel some distance and try to reach a safe place or out of the 
ing through the means of egress system.  People movement will affect the time 
cupants to escape out of a building and thus an important portion,
not be neglect in building evacuation. 
  When we consider people movement, movement characteristics (including 
 relationships), and evacuation time estimation are two critical pa
calc lation.  Density, speed and specific flow are the movement characteristics 
le used.  Relationships between different movement characteristics us
developed from experiments in various situations, such as railway stations, 
portation terminals or office buildings.  Evacuation time calculation ca
obtained by theoretical or empirical way.  The two topics will be discussed in this 
on. 
 
ovement Characteristics and Their Relationships 
      There are some basic characteristics of crowd movement in analyzing the 
le flow: 
 
Density, D: 
 
p
 
z
 
m
b
a
in
th
s
 
z
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      Flow is the num nce point in a unit of 
me (e.g., 3 persons/second).  Flow can also be divided into two terms, which are 
 flow, 
Where:    Fc = calculated flow rate, 
 Some relationships between movement characteristics 
eed:  
and 
Pauls. [4]  The interested region of population density by Nelson and 
re from 0.54 persons/m2  to 3.8 persons/m2.  They have an 
-5.1.1 [6] 
                k = k1; and a = 2.86 for speed in ft/min and density in persons/ft2 
  k = k2; and a = 0.266 for speed in m/s and density in persons/m2 
ber of people that passed some refere
ti
the following: 
 
1. Specific flow (or unit flow), Fs: this is the flow of evacuating persons 
passing a reference point per unit of time per unit of effective width.  Fs 
can be expressed by: 
 
                Fs = SD 
 
           Where:    Fs = specific
                     D = density, and  
                     S = speed of movement. 
 
2. Calculated flow, Fc: this is the predicted flow rate of persons passing a 
particular point in an escape route.  Fc can be expressed by: 
 
                Fc = Fs W 
 
                      Fs = specific flow, and  
                      W = Effective width. 
 
z
1. Density and sp
z Nelson and Maclennan: they derived a descriptive system of crowd 
movement based on the work of Fruin, Predtechenskii and Milinskii, 
Maclennan a
equation demonstrating this relation of speed and density (Figure-5.1.1). [5]  
 
               S = k- akD  
 
 Where:  S = speed along the line of travel, 
         D = density in persons per unit area, (density: 0.5~3.8 persons/m2) 
         k = constant, as shown in Table
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nstants for Evacuation Speed 
xit route element k1 k2 
Table-5.1.1 Co
E
Corridor, Aisle, Ramp, 
Doorway 
275 1.40 
Stairs     
 
1.00 
.0 11 212 1.08 
6.5 
6.2 
Riser (in) Tread (in)  
7.5 10 196 
7
12 229 1.16 
13 242 1.23 
 
 
 
 
Figure-5.1.1 Evacuation Speed As a Function of Density 
 
z . 
iments, he established a 
            S = 1.08-0.29D 
 Pauls: he focused on the relation of density and speed on stairs
(Figure-5.1.2)  In his tall office building exper
equation for that relation: [7] 
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        Where:   S = speed (m/s) 
                D = density (person/m2) 
       In Figure-5.1.2, he also included a curve, which is a similar speed-density 
nding reported by Fruin. [8] 
Figure-5.1.2 Speed-density Relation on Stairs in Uncontrolled Evacuations 
 
z Ando, Ota and Oki: they conducted research concerned with crowd 
movement thr achieved 
the relation gure-5.1.3. [9]  
Ando et al s observed at 4 persons/m2 
and  re .  
Figure-5.1. nce ages and sexes. 
[10] 
 
 
 
 
 
fi
ough densely populated railway stations.  They 
 between density and speed as shown in Fi
  mentioned that stagnation wa
stricted movement was seen at this and much higher density
4 illustrated the walking speed of differe
 79
Figure-5.1.3 Achieved Walking Speed Given Population Density 
 
 
z Chien: in T nt conducted by Chien for 
constructing
subway term
 
                 S=1.32-0.34D  
 
        Where:   S = speed (m/s) 
                 D = density (person/m ) 
 
      Table-5.1.2 are the speeds under different densities for various occupancies, 
suggested in New Zealand Fire Engineering Design Guide, [12] by using the 
equations of Nelson & MacLennan, and Chien.  
 
Ta
 s in Taiwan 
 station 
 
 
 
Figure-5.1.4 Speed Dependent on Age and Gender 
aiwan, there is also an experime
 the relationship between horizontal speed and density in 
inal. [11] 
2
ble-5.1.2 Speeds under Different Occupancy Densities 
Nelson & MacLennan 
(S=1.4-1.4*0.266*D) 
Experiment
Subway
(S=1.32-0.34*D)
 Occupant 
Density 
(p/m2) 
Travel 
Speeds 
(m/s) 
Occupant 
Density 
(p/m2) 
     
2.6 0.43 2.6 
2.0 0.66 2.0 
Travel 
Speeds 
(m/s) 
Crowd Activity
Standing space 0.44 
Bar standing areas 0.64 
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Stadia and grandstands 1.8 0.73 1.8 0.71 
Space with loose seating 1.3 0.92 1.3 0.88 
Areas without seating 1.0 1.03 1.0 0.98 
Exhi  bition Areas 0.7 1.14 0.7 1.08
Lobbies, Foyers 1.0 1.03 1.0 0.98 
Bar seating areas 1.0 1.03 1.0 0.98 
Dance floors 1.7 0.77 1.7 
Stages for theatrical 1.3 0.92 1.3 
Spaces with loose tables 0.9 1.06 0.9 
Restaurant, dining rooms 0.9 1.06 0.9 
Dining, beverage etc 0.8 1.10 0.8 
Indoor games, bowling 0.1 1.36 
Classrooms 0.5 1.21 0.5 
Reading or Writing rooms 0.5 1.21 0.5 
eaching laboratories 0.2 1.20 
0.74 
0.88 
1.01 
1.01 
1.05 
0.1 1.20 
1.15 
1.15 
T 0.2 1.20 
Training ro 1.20 oms in schools 0.1 1.20 0.1 
Gymnasia 1.7 0.77 1.7 0.74 
Supermarkets, bazaar 0.5 1.21 0.5 1.15 
es-ground, basement 0.4 1.20 0.4 1.20 
es-upper floors 
Sal
Sal 0.2 1.20 0.2 1.20 
Showrooms 0.2 1.20 0.2 1.20 
Sleeping Activities <0.5  <0.5  
Working, Storage etc <0.5  <0.5  
Intermittent Activities <0.5  <0.5  
General Densities 0.5  0.5  
 0.5 1.21 0.5 1.15 
 1.0 1.03 1.0 0.98 
 1.5 0.84 1.5 0.81 
 2.0 0.66 2.0 0.64 
 2.5 0.47 2.5 0.47 
 .30 3.0 0.28 3.0 0
 3.5 0.10 3.5 0.13 
hip of sp
 specific
uare m
c flow to d
 occurs a
sity is sh
9 personhe maxim
rsons p
 
2. Density and specific flow:  
z Nelson and MacLennan: the relations ecifi en own 
in Figure-5.1.5. [13]  T um  flow t 1. s per 
square meter (0.175 pe er sq eter) of density.  There is a 
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maximum specific flow lated to eac  type of route element, which is listed 
3. [14] 
 
 
ure-5.1.5 Specific Flow As a Function of Density 
 
 
 
Table-5.1.3 Maximum Specific Flow, F
ximum specific flow 
re h
in Table-5.1.
Fig
sm 
Maoute element 
Per /ft Pers m 
dor, Aisle, Ramp, D 24. 1.3 
 
 (in) Tread (in   
10 17.1 0.94 
11 18.5 1.01 
12 20. 1.09
21. 1.16
nt of fice building evacuation, one relation 
 on s con :  [15] 
Exit r
son/min ons/sec/
Corri oorway 0 
Stairs  
Riser ) 
7.5 
7.0 
6.5 0  
6.5 13 2  
 
z Pauls: in his experime  tall of
between density and flow stairs wa structed
 
            F = 1.26D-0.33D2 
 
       Where:   F = specific flow (persons/sec/m) 
 (person/m2) 
 
 
                 D = density
 82
    
in Pauls’
ranging a
which the
 
Figure-5.1.6 Flow
 
5.2 Equation for Evacuation T
     There are several equations for calculating the evacuation time, which is also 
defined as mov t consider the 
uman behaviors, but only concerns the time necessary for occupants to escape form 
here they are to a safe place or outside the building.  The occupants are usually 
ssumed to be involved in the evacuation and not relate to other behaviors. 
 
tion: 
      Kikuji Togawa had a sim n for calc ape time, 
which are the following: [17] 
 
      Te = Na/BN + Ks/V 
 
Where: Te = time required for escape (s) 
      Na = total number of the escaping people (persons) 
      B = breadth of the most limiting passageway (m) 
      N = unit flow capacity of the most limiting passageway (persons/m/s) 
      Ks = the distance from the point of the first person in the crowd to the 
destination where the evacuation is completed (m) 
      V = walking speed of the crowd (m/s) 
 
       In Togawa’s equation, the first term means the flow time and the second one 
  Figure-5.1.6 [16] demonstrates the relation between flow and density on stair 
 study.   In Figure-5.1.6, the specific flow has a peak value at the density 
round 2.0 person/m2.  This trend curve is similar to that of Figure-5.1.5 in 
 peak value seems to be less than 2.0 person/m2. 
-density Relation on Stairs in Uncontrolled Evacuation 
ime Calculation 
 
ement time in this study.  This time section does no
h
w
a
z Togawa’s equa
plified equatio ulating the esc
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is the travel time of the first person of the crowd to the safe place. 
 Equation by Melinek and Booth: [18] 
o considered two different 
situations: (1) a low-populated building in which the travel time between two floors 
exceeds e exit of the stair at that 
floor e for entry of people from a 
      
 
      Qr = 
      br = 
      
      ts = T ,  
          typically 
z Minimum time for the population to enter the staircase leading down 
r-1
r-1
oor r and 
above 
est value of Tr.  If the populations and the staircase 
idths are the same for all floors, then Qr = Q and br = b for all r, and Tr becomes: 
     Tr = (n-r +1)Q/(Nb) + rts 
, then Tr has a maximum 
 
z
      Melinek and Booth proposed a method to calculate the minimum evacuation 
time of a tall building.  This method assumed that all the people are waiting at the 
exit stairs at the beginning of evacuation and the people leaving the ground floor do 
not decrease the flow rate from the upper floors.  It als
 the flow time for the people in one floor to enter th
. (2) a higher-population building where the flow tim
single floor exceeds the travel time between floors. 
The equations and notations used by Melinek and Booth are as following: 
Population of floor r 
Stair case width between floor r-1 and r 
N = Flow rate of people per unit width down the stairs 
ime for member of unimpeded crowd to descend one story
about 16 seconds 
 
z Population of floor r and above = ?Q i   (i = r to n) 
from floor r =(?Q i)/(Nb ) 
z Time for tail of crowd to reach ground floor = rts 
 
Tr = (?Q i)/(Nb ) + rts 
 
Where: Tr = Minimum evacuation time for the population of fl
 
      Tr has n values (r = 1 to n).  The minimum evacuation time, Te, for the whole 
building is equal to the high
w
 
 
 
      If Q/(Nb) >= ts (a high population in situation two)
value when r = 1.  The evacuation time becomes: 
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      Te = nQ
     If Q/(Nb) < ts (a low population in situation one), then Tr has a maximum 
     Te = Q/(Nb) +nts. 
       t(TR;STAU) = Length of time required for the flow to leave the floor level 
n adjoining stories 
e congested area at the 
ion 
       n = number of the upper floors in the building 
 
z Pa
      In  model to calculate the evacuation time, Pauls 
observe ffice buildings and then 
eveloped relations that best explained what was actually observed. 
      F odel was constructed, which indicated that the 
width used by occupants should consider the edge effects, and thus be deducted 150 
mm from
      Secondly, a reg  equation, which relates mean evacuation flow and 
vacuation population, was established as following: (Figure-5.2.2) 
here:  f = mean evacuation flow (persons per second per meter of effective stair 
/(Nb) +ts. 
 
 
value when r = n.  The evacuation time becomes: 
 
 
 
z Russian methods: [19] 
      The measurement of density in this approach (Predtechenski and Milinski or 
Kendik) is based on the ratio of the projected horizontal area of people in a crowd 
divided by the area of walkway surface (persons per square meters or square feet).  
Kendik provided an equation to predict the evacuation time: 
 
      t(Ges) = t(TR;STAU) + (n-1)* l(TR)/v(TR;n-1) + (n-2)*dt 
 
Where:  t(Ges) = Evacuation time 
 
(n-1) 
        l(TR) = Travel distance on the stairs betwee
        v(TR;n-1) = Velocity of the flow emanating from th
floor level (n-1) 
        dt = Delay time due to congest
 
uls’ empirical method: [20] 
stead of using mathematical
d as many evacuating drills as possible in tall o
d
irst the effective width m
 each wall boundary or 90 mm from each handrail centerline (Figure-5.2.1). 
ression
e
 
      f = 0.206 p0.27 
 
W
width) 
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        p = evacuation population (person per meter of effective stair width)  
Handrails 
 
Figure-5.2.1 Measurement of Effective Stair Width in Relation to Walls and 
 
Figure-5.2.2 Effect of Population on Flow Down Stairs in Uncontrolled 
Evacuation 
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      Thirdly, an equation, describing the relation between effective stair width, 
ctual total population, and the expected flow time, is as following: 
 w = 8040 p/t1.37 
Where:  w = effective stair width (mm) 
              p 
              t
 
      Lastly  were provided: 
 
z 
 
      Where lete an uncontrolled total 
             p ter of effective stair width, 
e level of the exit 
             [Note: eter of effective stair 
      The fi ow to build up to half its 
m
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
 
       
 
= actual total population (persons) 
 = expected flow time (sec) 
, some equations estimating the total evacuation time
T = 0.68 + 0.081 p0.73  
: T = minimum time, in minute, to comp
evacuation by stairs 
= the actual evacuation population per me
measured just above the discharg
the upper limit of 800 persons per m
width] 
rst term 0.68 is the startup time needed for fl
ean level (Figure-5.2.3). 
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Figure lled Evacuation of Tall 
 
      A sim
 
z 
 
W
 
Figu vacuation Times for Tall Office 
     For building with occupants more than 800 persons, next equation can be used 
 
      Figure-5.2.5 is mparison between observed and predicted evacuation 
-5.2.3 Buildup of Flow from Exits in Uncontro
Office Buildings 
plified equation also fits the data in Figure-5.2.4: 
T = 2.00 + 0.0117 p  
here: T and p are the same as the above. 
 
re-5.2.4 Predicted and Observed Total E
Buildings 
 
 
to estimate the total evacuation time: 
 
z T = 0.70 + 0.0133 p  
 
      Where: T = minimum time, in minute, to complete an uncontrolled total 
evacuation by stairs 
             p = the actual evacuation population per meter of effective stair width, 
measured just above the discharge level of the exit 
 
 the co
times. It showed Pauls’ equations are closer to the observed than others. 
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Figure-5.2.5 Pr all Office 
z 
      Japanese method is focus acuation, which is divided into 
om and corridor evacuations: 
z Room evacuation time (T1): 
T1 = Max (t11, t12) 
Where: t11 = D/S (the travel time of the person from the farthest point in 
    
 of the people in the room out to the 
     
z 
 
T2 = t21 + Max (t22, t23) 
 
          Where: t21 = Ls/S (the travel time from the nearest room exit to the stair 
edicted and Observed Total Evacuation Times for T
Buildings Incorporating Results from Other Investigators 
 
Method of Japan Architecture Center: [21] 
ing on the floor ev
ro
 
 
 
the room) 
   Where: D = the distance from the farthest point to the exit 
              S = the walking speed 
       t12 = P/NB (the flow time
corridor) 
    Where: P = the number of the people in the room
              N = the unit flow rate 
              B = the width of the exit 
         
Corridor evacuation time (T2): 
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entrance. 
= the distan                     Where: Ls ce from the nearest room exit to the 
stair entrance 
e of all people in the floor into the staircase 
                t23 = the duration from the first evacuee entering the stair to the 
e’s entry 
      The time of th e the entrance of the staircase is t21.  The 
 
      tlast = Max (iT1 + Li/S) 
              Li = the distance of room i exit to the staircase 
              S
 
      Wh ore 
tim The duration he needs is: 
 
      tw = {
 
Where: tw = the tim  staircase if there is 
       P = 
       N = t
      B = the width of the exit 
  
 
     Therefore, T2 can be achieved: 
NB}/NB 
     One thing has to be considered is that when P- [Max (iT1 + Li/S) - t21] NB is 
negativ gestion happened in the entrance of staircase.  
Thus P- [Max (iT1 + Li/S) - t21] NB should be equal to zero. 
                            S = walking speed 
                 t22 = the flow tim
 
last on
 
      The calculation of t23: [22]  
e first person to arriv
time of the last one in the floor to walk into the staircase will be: 
 
 
Where: i = room number 
 = walking speed 
en the last person arrives at the entrance of staircase, he may need m
e to enter the staircase if there is congestion in the exit.  
P- [Max (iT1 + Li/S) - t21] NB}/NB 
e of waiting for the last person to enter the
congestion 
the total persons of the floor 
he unit flow rate 
 
 
    Thus, t23 = [Max (iT1 + Li/S)] + {P- [Max (iT1 + Li/S) - t21] NB}/NB 
 
1. If t22 >= t23 , then T2 = t21 + t22  
2. If t22 < t23 , then T2 = t21 +  [Max (iT1 + Li/S)] + {P- [Max (iT1 + Li/S) - t21] 
 
e, it means there will be no con
 90
 
5.3 Closure
      Den
used.  Their relationship ferent movement characteristics were achieved 
usually from ped by 
Nelson and constructing a model to simulate 
the evacuat
work of Fruin, Predtechenskii and Milinskii, and Pauls.  In addition, it is more 
widely acce
      Eva  by theoretical or empirical way.  
There list m ime estimation in this section.  
Some of th te evacuation time using theoretical method.  Some used 
empiri tical method may neglect the real situations 
f people movement, while an empirical approach could be case dependent, such as 
Pauls' obser gs. 
      This study tries to use the concept of Togawa to calculate people's travel 
only consideration of a neck flow for total evacuation seemed not enough to find out 
various compartments in the model of th  empirical method will not be 
n the case of experiment. 
 
 
 
sity, speed and specific flow are the basic movement characteristics people 
s between dif
 experiments by various researchers.    The relationships develo
 Maclennan will be used by this study in 
ion, because they derived the system of crowd movement based on the 
pted in people movement consideration. 
cuation time calculation can be obtained
any kinds of method in doing evacuation t
em calcula
cal approach.  However, a theore
o
vations of office buildin
through a door of an opening, because this method is simple.  However, Togawa's 
the situations in different compartments.  Therefore, his concept will be used in 
is thesis.  The
used in this research because it may be too dependent o
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Chapter 6 Target Room Analysis 
 
egr tecture.  Design fire characteristics and 
not
6.2
life  evaluation is property protection, 
info nd, if the life safety is the primary 
and lysis).  It means the compartment 
doi e) where people have to stay for a 
Thu tion. 
has fective evacuation.  On the other 
mo e occupants 
uns before that space be 
omes untenable.  Then, the building performance is determined acceptable.  
herefore, the purpose of choosing a target space is to simplify the egress system for 
nalyzing the evacuation safety. 
.3 Room of Origin and Egress Paths 
     Another issue to egress analysis is the selection of appropriate locations of the 
om of origin and egress paths to test the building architecture.  Locations of the 
om of origin mean the places where occupants are.  These spaces usually are the 
oms where people work or do their activities based on the building’s occupancy.  
oughly speaking, every room except stairs, toilets, or corridors may become the 
oms of origin.  Egress paths imply the distance from the rooms of occupants to the 
utside of the ground floor.  There can be more than two paths for a room of origin.  
owever, the back and forth routes will not be considered in this study.  All the 
6.1 Introduction 
      This chapter discusses the target room, locations of the room of origin and 
ess paths to test the building archi
tenability criteria are very important to consider if the target rooms will be affected or 
.  As a result, the two issues are also explained in the following sections. 
 
 Target Spaces 
      The purpose of identifying a target space is for further evaluating the threats to 
 safety or properties.  If the main objective of
then the selection of a target space may be the compartment where the precious 
rmation or materials is stored.  On the other ha
issue, the target space will be the compartment that is “important” in the egress routes 
 the smoke movement paths (in a dynamic ana
chosen has to be the key points in which most of occupants must pass through when 
ng evacuation, or to be the space (area of refug
certain time in a phased evacuation.  This project is focusing the evacuation analysis.  
s the latter will become the main issue of evalua
      A target space can be defined as an area that is part of the egress system and 
 a critical effect on doing the smoothly and ef
hand, this space can also become the target of smoke pollution and deter the people 
vement in evacuation.  If the target space becomes untenable befor
leave or pass through, then the building performance in evacuation is considered 
atisfied.  If all occupants can go through the target space 
c
T
a
 
6
 
ro
ro
ro
R
ro
o
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paths available from one room of origin may changes due to the development of fire 
r the smoke movement.  If the paths are not easy to be interrupted by fire 
evelopment, the building architecture is in good design.  This also means its target 
ace is not so obvious and has many egress paths to choose.  
.4 Design Fire 
     A design fire is the critical element for building fire safety evaluation.  Based 
n certain design fire characteristics, further analysis for life safety or property 
amages of the buildings can then be made.  A design fire is an energy or 
ombustion products history over time, which is a function of the materials burning, 
e ventilation or air supply to the fire, and the geometry and materials of construction 
f the confining space. [1]  Heat release rate (HRR) is the common terminology for a 
esign fire.  It is the energy release over the fire duration, through which the 
roduction of combustion can then be calculated.  Therefore, to specify a design fire, 
e development of heat release rate curve becomes an important mission.  Before 
uantifying a design fire curve, the development of the room fire becomes a necessary 
pic. 
 
.4.1 Selecting a Design Fire 
 design fire is to create the heat release rate curve.  It is necessary 
 array of 
ombustible materials, possibly separated items that are close enough to burn as a 
nvolving additional items. [2]), or if the fire scenario involves two 
o
d
sp
6
 
o
d
c
th
o
d
p
th
q
to
 
6
      To select a
to consider the initial fuel item after ignition.  The initial fuel’s heat release rate and 
combustion product data can be derived from bench-scale tests or test fires conducted 
in the open space, which means without the effects of confinement, such as furniture 
calorimeter tests.  If the first ignition is a fuel package (A fuel package is an
c
single fire without i
or more than two items spread, then a “composite’ heat release rate can be created by 
summing the heat release contributions of each item in the area where they are 
burning at the same time.  Therefore, to develop a design fire curve, some factors 
have to be considered: [3] 
 
z Initial fuels: including the state of fuel, type and quantity of fuel, fuel 
configuration, fuel location, fuel’s heat of combustion, rater of fire growth, and 
production rate of combustion products (smoke, CO, CO2). 
z Secondary fuels: the conduction, convection, and radiation heat from the ignition 
fuel to the secondary one needs to be identified. 
 
 
 95
6.4.2 Methods to Develop a Heat Release Rate Curve 
      There are some resources to create design fire curves: [4] 
 
z Heat release rate data on specific, individual objects, which are possible 
to be put in the building.  The data can be integrated to create a heat 
release rate curve in a theoretical method. 
z Experimental heat release rate data from objects burned under a furniture 
calorimeter, in a corner burn test, or developed from cone calorimeter 
.4.3 Closure of Selecting a Design Fire 
     The heat release rate data from full-scale test for the real objects concerned is 
the simulation of smoke movement, even though the 
data. 
z Full-scale test from mock-up sections of an actual structure. 
z Generic curves for particular growth rates. 
z Some fire growth models, such as FPEtool or HAZARD I, which can 
create heat release rate data from fuel package data. 
 
      If the fuel being considered has been described in detail by tests or 
experiments (method one or method two above), rate of smoke and chemical species 
production can be estimated. [5]  There are some data available for many materials 
for the mass of smoke species produced per unit mass (g/g) of materials burned in 
Tewarson’s information. [6] 
      The production rate of the species can then be calculated for any rate of heat 
release point on a design fire curve: [7] 
 
      ?sp (g/sec) =  ?m (g/sec) * sp(g/g) 
 
Where:   ?sp = species production rate in g/sec 
          sp = species production ratio in g/g 
          ?m = mass burning in rate g/sec. 
 
And          ?m = ?Q/ ?Hc 
 
Where:    ?Q = heat release rate in Kw 
          ?Hc = heat of combustion (KJ/g) 
 
6
 
a good source to be put into 
information may still have some limitation related to the experiment.  If the data 
interested cannot be identified from the test, then use the computer model to generate 
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the data needed is an alternative.  Once the development of design fires for the 
building evaluated has been finished, the following topic will be to consider the 
smoke generated and its movement inside the building.  This will be discussed in 
next section. 
 
6.5 Smoke Movement 
      Smoke is dangerous product, which may fill most of the building and have 
great influence on life safety.  Its effects to people have been discussed in section 2.6. 
It can be defined as a mix
 
ture of hot gases and vapors produced in the combustion 
rocess along with the air that is entrained or mixed into the mass or unburned 
 
6.5.1
room rigin.  In the fire compartment, 
moke temperature is high and the buoyancy is the driving force of smoke movement.  
he entrained air and combustion products will rise up to the ceiling and fill the upper 
n to an opening, like doors.  
t to the fire room. 
     When smoke flows out of the fire enclosure, it will also continue to entrain air 
and ha
relatively sm
the smoke ay be less 
entrain
is transporte
stairway, en ent will not be the main factor of cooling.  The primary cooling 
will be  Hence, the 
hot sm
 
6.5.2 Use C
     CFAST is a zone model and can be used to calculate the evolving distribution 
which are derived from the conservation equations for 
CFAST include calculation of: [11] 
p
decomposition and condensation matter. [8]   
 Smoke Movement in a Building 
      Smoke movement in buildings can be divided into two areas: one is in the 
 of fire origin, the other out of the room of fire o
s
T
portion of the compartment until the depth of smoke dow
After that time, smoke will start to flow out into another space nex
 
ve heat transfer with the environment.  As smoke is transmitted through a 
all crack, the entrainment of cool air on the unexposed side seems to cool 
very quickly.  When the leakage is large opening, there m
ment relative to the mass of smoke and the cooling will be slower.  If smoke 
d from an area of a building to a confined passageway, such as shaft or 
trainm
 the conduction heat loss from the smoke to the shaft materials. 
oke can flow a significant distance in this situation. 
FAST to Simulate Smoke Movement 
 
of fire gases, smoke and the temperature throughout a building during a fire.  It is 
also a merged result of FAST and CCFM.VENTS, thus the organization of the 
CFAST suite of programs is a combination of the two models. [9]  
    Basically, CFAST predicts the state variables (pressure, temperature etc.) by 
solving a set of equations, 
energy, mass, and momentum, and the idea gas law. [10] 
      The major functions provided in 
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z The production of enthalpy and smoke and gases by one or more burning 
objects in one room. 
 transport of this energy and mass 
ms and connections. 
moke optical densities, and gas 
concentrations after accounting for hear transfer to surfaces and dilution 
 
e 2: insufficient oxygen). [12]  In 
nconstrained fire, burning takes place within the fire plume; while a constrained fire 
ient oxygen such as the upper layer, the 
 
calculate the amount of mass moved between layers. [14] There are two 
inds of plumes: one is the normal fire plume above the burning object; the other is 
h is the flow at vents and is also modeled as a plume. [15]  
o layers.  When enthalpy and mass 
re pumped from the lower layer into the upper layer by the fire plume.  The volume 
he interface between the two layers to move 
z The buoyancy-driven as well as forced
through a series of user-specified roo
z The resulting temperatures, s
by mixing with clean air.
 
      In CFAST, there are two kinds of fires, which are unconstrained fire (type 1: 
sufficient oxygen) and constrained fire (typ
u
will take place in which there is suffic
doorway plume or the other rooms whenever it can get enough oxygen for burning. 
CFAST has the ability to track independently multiple fires in one or more 
compartments but does not have a pyrolysis model to predict the fire growth. [13]  It 
needs user’s input for the fire history. 
 
z Plumes and layers: 
     CFAST does not use a point source approximation, but uses an empirical 
correlation to 
k
door plume or jet, whic
The two plumes are simulated according to an empirically-derived entrainment 
relation but the door plume has two differences: first is the estimation of an offset; 
second is the modification from the round geometry to the rectangular geometry of 
vents. [16] 
      In CFAST each room is divided into tw
a
of upper layer will expand and cause t
downward.  When the interface reaches the soffit of a door, then a door plume will 
be formed and cause the smoke from the fire room to the room next. On the other 
hand, the cool air will also flow into the fire room through the lower part of the 
doorway.  All the flows are driven by pressure differences and density differences, 
which result from temperature variations and layer depths. [17]  
 
6.5.3 Output of CFAST 
      CFAST can be used to calculate the variables in every compartment (Some 
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small compartments may be combined into a big one), which include temperatures of 
upper and lower layers, pressures, layer heights, heat flux in floor objects, main plume 
flows, main pyrolysis rate, main fire size, and main flame height.  Use CFAST’s 
output, we can trace the environmental changes of compartments or smoke movement 
between different rooms. 
 
6.6 Tenability Criteria 
      Toxicity, heat, visibility and the smoke layer height are the effects of fire that 
  Toxicity includes narcotic and 
vironment of low 
vi
     Narcotic gases from fires can affect body’s ability to utilize oxygen such as 
prevent  
These effects can then causing symptoms like lethargy or euphoria and poor physical 
coordin
exposure.  onoxide, and 
hydrog
hyperventila
significantly tion much worse. 
     Carbon monoxide can bind to hemoglobin, which is used to transport oxygen 
b and symptoms has been found as follows: 
are most often associated with tenability criteria.
irritant effects of combustion products.  Heat exposure can cause skin burns, damage 
to lungs and respiratory system and other psychological effects.  Visibility will delay 
or interfere with the movement of occupants when doing their evacuation.  In 
addition, psychological interference can also be predicted in the en
sibility.  The smoke layer height is considering the normal height of people when 
doing their evacuation. 
 
6.6.1 Narcotic Gases 
 
ing the transport of oxygen to cells and the use of oxygen in brain cells. 
ation.  The occupants will become unconsciousness or death for continuing 
Narcotic fire gases include carbon dioxide, carbon m
en cyanide.  Carbon dioxide is especially important as it causes 
tion and increases the intake of narcotic and all other gases, which will 
 make the occupant’s situa
 
to the cells of body.  The combination of carbon monoxide and hemoglobin will 
produce carboxyhemoglobin, COHb.  Hemoglobin is 200 times more likely to joint 
to a carbon monoxide molecule as opposed to oxygen [18].  This is the reason most 
of the fatalities from fires has something to do with carbon monoxide.  50-70 
percentages of carboxyhemoglobin are considered fatal [19].   
      The clinic studies [20] found that there is a correlation between 
carboxyhemoglobin and the victim’s symptom from which the tenability limits can be 
obtained.  The relation between COH
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Table-6.6.1.1 Correlation between COHb Levels and Symptoms 
COHb (%) Symptoms 
0-10 None 
10-20 Tension in forehead, dilation of skin 
vessels 
20-30 Headache, pulsation in sides of head 
30-40 Severe headache, ennui, dizziness, 
weakening of eyesight, nausea, vomiting, 
prostration 
40-50 Same as above, increase in breathing rate 
and pulse, asphyxiation and prostration 
50-60 Same as above, coma, convulsions, 
Cheyne-Stokes respiration 
60-70 Coma, convulsions, weak respiration and 
pulse, death possible 
70-80 Slowing and stopping of respiration, death 
within hours 
80-90 Death in less than an hour 
90-100 Death within a few minutes 
 
 
      The actual point at which death occurs is depend on the individual’s activity or 
ore, the carbon monoxide concentration, the activity level, 
 
]  Figure-6.4.1.1 is the result. 
body situations.  Theref
the health and the size of an individual have to be know in order to predict whether an 
occupant will become incapacitated or dead in fires [21]. 
      A probabilistic approach has been adopted to predict the death due to COHb. 
Zhao in Victoria University of Technology, Australia has used the Monte Carlo 
Simulation method in a simple example (50 people in the building, response time 
range from 2 to 20 minutes, same travel time of one minute) to estimate the 
probability of death due to the effects of COHb.  Table-6.4.1.2 is the assumed 
probability of death. [22
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Table-6.6.1.2 Assumed Probability of Death and Average Values from the Monte 
Carlo Simulation Results 
COHb (%) Chance to die Probability of Num
death people at the 
time of death 
or at the time 
of exit 
deaths 
ber of Number of 
0-10 0-1 out of 100 0-0.01 9.28 0.12 
10-30 1-5 out of 100 0.01-0.05 13.39 1.02 
30-50 5-10 out of 100 0.05-0.1 10.56 1.72 
50-70 10-40 out of 100 0.1-0.4 9.12 4.04 
70-90 40-95 out of 100 0.4-0.95 6.67 5.12 
90+ 95-100 out of 
100 
0.95-1.0 0.98 0.98 
 
 
 
 
 
Hydrogen cyanide, HCN, is anothe
fires.  This gas will block the body’s abili  cell level and cause 
entilation like carbon dioxide.  T
occupants to accelerate the intake of hydro nd may become unconscious 
 dead. 
he Fractional Effective Dose (FE to predict the 
hysiological effect of narcotic gases.  The FED models calculate the ratio of the 
      r narcotic gas, which may be produced in 
ty to use oxygen at the
hyperv his latter effect can further induce the 
gen cyanide a
or even
      T D) models are mostly used 
Fig.-66
COHb (%)
P
p
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dose received over time to the effective dose that cause death or incapacitation and 
 
eds 2%, the total FED for 
sphyxiants at each time increment is to be multiplied by a frequency factorVCO2 to 
llow the increased rate of narcotic gases due to hyperventilation.  The frequency 
ctor for increase ventilation due to various concentration of CO2 can be calculated 
om the equation below: [24] 
               VCO2 = e[% co2]/4 
      The effects of irritant ry irritation (like, sore eyes, 
rnin e
be fatal [25] but will have a major impact on evacu ffects of 
irritant gases involving the penetration of the gases into the lungs will be far more 
serious even though they will not effect the evacuation due to a delayed reaction. 
      There are two forms of irritant gases: inorganic (like HCl, HBr, HF, SO2, NO2) 
ganic gase na ive Concentration (FEC) m s used as a 
e of the ir c  suffer  model as itant 
of different gases are add ery gas is expressed as a fraction of the 
tration re n.  Wh e total re unity, the 
ment is c itant.  EC model  expressed 
6] 
 
              FEC = ?{[Irritant] i / ICi} 
Where:      [Irritant] i  = Concentration of irritant gas i. 
            ICi  = Concentration of irritant gas i to cause irritation. 
 
      Due to the incomplete information, the effects of the irritant gases are more 
then sum up those ratios.  When the total reaches unity, the effect is predicted to 
occur.  The FED models can be expressed by: [23] 
 
                 FED = ?i=1N  ?t1t2{[Ci / Cti] * ?t}
 
 Where:      Cti  = incapacitation dose 
             CI = concentration of i narcotic gas 
       ?t  = time duration 
 
      In cases where the CO2 concentration exce
a
a
fa
fr
 
 
 
6.6.2 Irritant Gases 
gases have immediate senso
coughing, bu g sensation in th  upper throat and lungs), which m
ation efficiency. 
ay be unlikely to 
 Some e
and or s.  The Fractio l Effect odel i
measur ritation that an o cupant will .  This sumes the irr
effects itive.  Ev
concen quired to cause irritatio en th aches 
environ onsidered to be severely irr The F can be
as: [2
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difficult to predict than the narcotic ones [27].  Table-6.4.2.1 is concentration values 
chosen from
 
Ta
Safety ex
essentially all occupants 
(0.1) 
l for serious harm 
 ISO/TR 9122-3 Guidance. [28] 
ble-6.6.2.1 Concept of Limits on Exposure of Occupants 
posure for       Å  FEC   Æ Potentia
to many occupants 
(1.0) 
         HCl 1000 ppm 
         HBr 1000 ppm 
         HF 500 ppm 
         SO2 150 ppm 
         NO2 250 ppm 
100 ppm 
100 ppm 
50 ppm 
15 ppm 
25 ppm 
3 ppm        Acrolein 30 ppm 
25 ppm      Formaldehyde 250 ppm 
 
 
6.6.3 Heat 
      During evacuation, occupants are likely to be exposed to heat by the 
convection and radiation.  These thermal impacts may lead to: 
 
z Heat stroke and change in the body core temperature (hyperthermia). 
z Skin burns. 
z Respiratory tract burns. 
z Psychological effects. 
 
      If the temperature is too o C), it still can 
raise the body core temperature and cause hyperthermia.  That will be fatal within 
inutes. 
g.  Pain is experienced when the skin 
temperature at a depth of 0.1 mm reaches 44.8 C [29]. 
      The effect of respiratory tract burns is strongly dependent on the air humidity.  
haled hot air with high water vapor content will do more damage to the respiratory 
nment without protective clothing.  The heart rate 
crease will also cause incr ess [31]. 
low to cause skin burns (less than 120
m
      Another effect is surface burnin
 o 
In
system than dry air at the same temperature.  For example, dry air can cause burns at 
a temperature of 300 o C after a few minute while humid are only at 100 o C can cause 
burns [30]. 
      The high temperature can also cause some problem psychologically.  People 
cannot work at 120oF enviro
in eased str
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      Radiation exposure is considered heat flux related.  Radiation tenability is 
Kw/m2.  Below this value, occupants can tolerate for several 
     Visibility is the maximum distance in which a person can recognize an object 
f hazardous conditions to 
e reasons for 
hoosing visibility as tenability criteria of doing the evaluation are: 
xic gases are much more difficult to 
quantify than visibility. 
z f untenable 
inju
 to toxic effects. 
z Visual obscuration by smoke usually happens before other toxic gas 
concentration in
The value of v nset of hazardous conditions can be 
correlated well w bility that cause people to turn back.  In 
Bryan’s turn back behavior study, nearly 8 of the population 
moved through ility of le  meters (30 feet).  
Of the people sibility, t  distance at which 
turned back beh r 3.1 m feet) or less. [36]. 
  
     Obscuration may also decrease the occupant’s way-finding ability and may 
psychological impact upon the occupant. 
usually taken as 2.5 
minutes while above the value tolerance is less than 20 seconds. [32] 
      For exposure to convected heat, Pruser’s model for time to incapacitation, tIh, 
at a temperature T is: [33] 
 
      tIh [min] = exp [5.1849-0.0273 T (oC)] 
 
      Purser also suggested that the heat exposure can be considered as a “dose” of 
heat and be combined with FED and FEC as a fractional incapacitation model.  That 
can be expressed as: [34] 
 
      FIh = 1/ exp [5.1849-0.0273 T (oC)] 
 
 
6.6.4 Visibility 
 
through smoke and is usually as criteria for the onset o
demonstrate the process of establishing tenability criteria.   Th
c
 
z Visibility can be related to soot yield and thus predicted by a computer 
model, while the effects of to
The evaluation of tenability is usually dealing with the onset o
conditions and n
dependent relating
ot to predict death or ry which may be individual 
crease. [35] 
z isibility at the o
ith data on visi
0 percent 
smoke with a visib ss than 9.1
that indicated a vi he mean
avior occurred was nea eters (10 
 
 
also have a 
 104
 
6.6.5 Smoke Layer Height 
     Smoke layer height is not a direct combustion product but can be used as an 
index o big 
open sp , to main a certain smoke layer height is usually considered 
as desi d smoke control system is based for designing.  
The re e layer height as a factor of affecting people's 
vacuation may be described as: 
the smoke then start to interfere the movement of that person and the 
effects on people. 
moke 
     This chapter is mainly on the target room analysis, which is very critical in 
racteristics and tenability criteria can 
fluence the tenable duration of a target space.  Therefore, in order to consider the 
f deciding the beginning time of the effects from smoke.    Hence, in 
ace, like an atrium
gn criteria on which the relate
asons of considering smok
e
 
z When the smoke layer height reaches the normal height of an occupant, 
tenable condition.  After that time, the visibility begins to be an issue 
of concern. 
z Like visibility, the evaluation of tenability is dealing with the onset of 
untenable conditions and not to predict death or injury which may be 
individual dependent relating to toxic effects.  The reach of certain 
smoke layer height can be considered as the beginning of smoke’s 
z The setting by smoke layer height will be the beginning of starting to 
consider the visibility.  Therefore, this will be more conservative than 
consider the visibility.  In addition, visual obscuration by s
usually happens before other toxic gas concentration increase and 
become to an issue, in which the prediction models are still under 
development due to lack of enough information. 
 
6.7 Closure 
 
egress system evaluation.  Design fire cha
in
available time of target space, the two topics are also discussed in the following 
sections for the purpose of egress analysis. 
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Chapter 7 Human Behavior 
 Introduction 
   Human behavior will gr
 
7.1
   eatly affect the time of starting to escape, which is 
occ
for others, calling fire department etc.  The consideration of human 
ver
   rchers have developed some models to predict human responses in 
dev
real arted to escape; hence some real pre-movement times were 
hav
situations by considering the detection and informing system, and occupants’ 
in t
tim cupants start to evacuate in this study.  Below is the list of 
 
s: 
n-making (RPD) model. 
defined as the pre-movement time.  Pre-movement time includes detection time, 
upant response time, the human behaviors other than evacuation such as searching 
fire, notifying 
responses in pre-movement time makes the prediction of this time duration become 
y complex.   
   Some resea
fires; in these models, people react to the fire emergency according to a fixed or 
eloped mechanism.  Others studied the real behaviors in fires or measured the 
 times occupants st
obtained in some fire incidents.   Based on these researches, some design guidelines 
e developed a few methods to predict the pre-movement times for different 
characteristics.  All the studies related to human behavior in fires will be discussed 
his chapter, in order to identify the necessary consideration for estimation of the 
e duration before oc
contents in this section. 
z Some models of human behavior response during fire
z Decision process model. 
z Four socio-psychological concept model. 
z Heuristic system model. 
z Four-stage response model. 
z Stress model. 
z Recognition-primed decisio
z Accident sequence model. 
z Cognitive decision ladder model. 
z Decomposition diagram model. 
z Serial information processor model. 
z Vigilant information processing model 
z Real human behaviors during fires: in this part, studies of Wood, Bryan, and 
Sime will be discussed.  In addition, five most frequent first behavioral 
responses are also described. 
z Pre-movement time measured in fires or drills: the measured pre-movement 
times are mainly from drills in Canada (Proux), World Trade Center 
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evacuation, experiments in New Zealand (Rrgan), and experiments in 
 Institution. 
tection Design Method of Japan Architecture 
 
   onse model 
of t proximately 
Mc
hum and interpretation of 
dec
pro esearchers: 
 Decision processes model: 
     Withey has examined the psychological and physical processes that an 
individual may utilize to p  evaluate the fire incident 
formation. The six perceptional processes of an individual are recognition, 
on, evaluation, commitment and reassessment. [3]  
cal denial from the occupants can be found in a fire incident.  
Britain (Purser, Shields and Boyce). 
z Methods to predict the pre-movement time:  
z DD240 in British Standard
z Fire Engineering Guidelines in Fire Code Reform center of Australia. 
z The Integrated Fire Pro
Center. 
7.2 Models of Human Behavior Response during Fires 
   The old model used in estimating the RSET was a stimulus resp
and assumed that occupants responded immediately after hearing an alarm regardless 
heir pre-fire activity, location and clarity of information. [1]  After ap
40 years [2] of researches (for example Bryan, Canter, Brearx & Sime, Proulx & 
Queen, Latour & MacLaurin, and others), the new approach indicates that the 
an behavior model should consider the perception 
information from the environment, the processing procedures of individuals, and the 
ision making based on the information received.  The following are some models 
posed by some r
 
z
 
erceive, define, structure, and
in
validation, definiti
 
z Four socio-psychological concept model: 
      The four socio-psychological concepts are avoidance, commitment, affiliation 
and role. [4] 
Avoidance: 
      Psychologi
Occupants feel they can protect themselves by psychologically denying their 
unpleasant situations.  This explains why occupants did not recognize the fire cues 
immediately. [5]  
Commitment: 
      Commitment means people commit to their current activity, such as watching 
television, shopping, or working at office, when receive the first fire cue.  This will 
also delay the time to take proper responses in fire and bring them into a dangerous 
situation. 
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Affiliation: 
      Affiliation means people will not escape until they have their family, 
co-workers, or friends with them.  Parents are reluctant to leave without their 
hildren. Children will not go without their siblings.  This is also a main factor that 
delays 
Role: 
      An o ire or other emergency.  A 
staff may try they should take because he is more familiar 
with the bu  see further information and spend more 
time on recognition and validation due to his unfamiliarity to that environment. 
 
z Heurist
      This t al. [6]   It is a conceptual model 
developed fr el.  Unlike the six process adopted by 
Withey’s m ly three processes, which are 
recognition/  or inaction); and the outcome 
of the   
Similar to W
will be infl e, the factors immediately arising, and the 
current
 
z Four-s
      Bick  modified the conceptual model of 
Breaux : [7] 
 
1. A
2. D
fire ( ear, smoke). 
3. Definition of situation: fire, possible fire or no fire. 
activating alarm system or 
c
occupants’ evacuation. 
ccupant’s role may affect his response in f
 to inform others the route 
ilding.  A visitor may wait to
ic systems model: 
 model was established by Breaux e
om Withey’s decision process mod
odel, Brearx et al had utilized on
interpretation; behavior (with either action
action that includes the evaluation and the long-term effects of the behavior. 
ithey’s model, the recognition/interpretation have cognitive inputs, which 
uenced by the past experienc
 staff factors.  
tage response model: 
man, Edelman and McDaniel have
 et al into a similar model, which has four-stages
 physical event: fire. 
etection of cues: from alarm, indication from others or the properties of 
flame, h
4. Coping behavior: suppression, warning others, 
other actions. 
 
z Stress model: 
      Proulx developed a stress model, which illustrates the different levels of stress 
generated in an occupant when involved in the decision making process during a fire 
incident.  She emphasized that the most effective method to reduce stress is to give 
the occupant definitive, valid, and directive information. [8]      
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z Recognition-primed decision making (RPD) model: 
    This model was identified from the theory of naturalistic decision-making 
xplain the strategies people use for solving problems 
z Uncertain, ambiguous or missing data 
s 
e pressure 
gh stakes 
el was produced from the decision-making processes used by fire 
ad some limitation when applied to building occupants.  Chubb 
t sequence model: 
oidance has to go through some sequences, which are: 
ilities 
have relations with this sequence. 
titude, risk tolerance tendency, and personality will 
 
(NDM), which was produced to e
in real-world situations possessing the attributes (Chubb identified as critical variables) 
following: [9], [10] 
 
z Ill-structured problems 
z Shifting, ill-defined or competing goal
z Action/feedback loops 
z Tim
z Hi
z Multiple actors 
z Organizational constraints. 
 
   This RPD mod
officers and h
indicates that the successful RPD model depends on the occupant training and 
fire-safety plans with the decision support system, which consists of egress signs, 
emergency lighting and verbal communication system in the building. [11] 
 
z Acciden
      Ramsey’s accident sequence model was developed from the area of  
occupational health and safety.  It represents various stages in the occurrence or 
avoidance of accidents in a potentially hazardous situation and illustrates that an 
occupant’s safe behavior or av
[12] 
 
z Perception of hazard: it relates to the sensory skills, perceptual skills, state 
of alertness, etc. 
z Cognition of hazard: the occupant’s training, experience, mental ab
z Decision to avoid: at
influence this sequence. 
z Ability to avoid: physical abilities will affect the occupant’s mobility. 
 
z Cognitive decision ladder model: 
      Rasmussen et al’s cognitive decision ladder model could be used to provide 
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some guidance for developing the occupant scenarios in which they could be 
categorized by outcome and also by the number of activities required to achieve the 
outcome. [13]  
      Another aspect of Rasmussen et al’s cognitive model is the use of heuristic 
f applied to human behavior in fire, are made 
z Prior training, experience etc. that increases the level of familiarity of the 
dures, the environment or the cues. 
 
z Decomposition diagram model: 
     Canter, Breaux, and Sime developed a mode, which can be used to indicate the 
tion and their related strengths.  In a decomposition diagram, the 
n. 
     The human behavior in fire incidents can be considered as episodes, which 
have their own goals such as investigating, fighting the fire, evacuating etc. 
 
z Vig
      ed this model, which was first established for 
emergency decision tasks and then applied to more general decision conditions.  
This m to the Accident sequential model.  Four different phases are 
identifi 6] 
 
1. Unconflicted inertia, where the credibility of the initial information is 
shortcuts.  Heuristic shortcuts, i
possible by factors like: [14] 
 
occupants with proce
z Clear information being provided to the occupants about the fire and 
procedures to follow. 
z Location of the occupants in relation to the fire. 
 
possible occupant ac
likely sequences and the strengths of the relationships between each activity and event 
are portrayed.  This model differs from others above and does not have a fixed 
pattern but demonstrates flexible paths and relative routes based on the information 
(fire incidents and individuals involved) it used to construct.   
 
z Serial information processor model: 
      Simon defined human being as a “serial information processor “. [15]  He 
considered the behavior in fire is a total decision making process, in which the 
environment generated by fire and smoke can distort, modify an change the way 
people make decisio
 
ilant information processing model: 
Janis and Mann develop
odel is similar 
ed in this model: [1
evaluated to see if the cues indicate the immediate threat. 
2. Unconflicted change, where the occupant starts to believe the existence of a 
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threat and become emotional stress. 
3. Defensive avoidance.  Distortion in the decision-making may increase 
when the person’s level of stress becomes intense. 
4. Hypervigilance. As the situations get more hopeless, the stress will increase 
nd lead to error in decision-making. 
 individuals. [17]  More than 50 percent of the fires was residential buildings.  
ther significant occupancies included factories (17 percent), multi-occupancy 
buildin
      The t behaviors of Wood’s study are: 
 
1. F
3. C
fluence the first behavior of the occupants.  
ons with fire experience were more likely to fight the fire. [19] 
 Bryan’s study 
      
335 fire in  His study was 
carried
    The fo iors (first action) of Bryan’s study are: 
 
1. Notified others 
with very high level a
 
7.3 Human Behaviors during Fires: 
z Wood’s study: 
      Wood’s study was performed in Great Britain and involved in 952 fires and 
2193
O
g (11 percent), mercantile (7 percent) and institutional (4 percent). [18] 
 four most frequen
ought fire 
2. Searched for fire 
alled fire department 
4. Notified others 
 
      Some factors were found to in
“ Fought fire” was dependent on how serious the occupant thought the fire was.  The 
less serious the fire, the more likely individual was to fight the fire.  Familiarity with 
the building is not a critical factor in an occupant’s decision to leave immediately in 
this study.  Pers
      Some behaviors noticed by the researcher were reentry behavior, saving 
personal belongings, moving through smoke (60 percent) and turn back behavior. [20] 
 
z
Bryan performed a study in U.S. involved interviews of 584 participants in 
cidents by fire department personnel at the scene. [21] 
 out to verify Wood’s research.  
ur most frequent behav
2. Fought fire 
3. Searched for fire 
4. Called fire department 
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      Compared to the Wood’s result, the four most frequent behaviors are the same 
but their orders are different.  The most action adopted in Wood’s study is “Fought 
fire”, while it is “ Notified others” in Bryan’s study. 
      In Bryan’s study, the first second and third actions were all analyzed related to 
s were broken down according 
ther and the first actions. [22]  
ent.  The 
ean distance moved through smoke of the participants who reported a distance was 
oved were (1) greater 
lation traveled through smoke with a visibility of less 
an 9.1 meters (30 feet). [23] 
      
forcing to nt of the total 
popula
behavior.  ercent turned back at visibility of 3.7 
meters 
feet) to 9.1 eople turned back was 
just un
the tenabilit
a hotel demonstrated different behavior tendencies in fire 
in
 hotel 
     The five most frequent first behavioral responses can be identified as 
“dressed’, “opened door”, “notified roommates”, “partially dressed” and “looked out 
window  occupants involved in the first response were primarily 
involve valuate the fire incident cues relative to the severity 
the characteristics within the population.  First action
to gender distribution, influence of previous fire experience, effect of previous 
training, distance from the fire, belief in safety of building and previous alarms in the 
building.  Second and third actions were analyzed based on sexual distribution only 
and compared to each o
      Another concern is the movement of people through smoke.  Approximately 
two-thirds of the population moved through smoke during the fire incid
m
9.08 meters (29.8 feet).  The three categories for distance m
than visibility, (2) equal to visibility, and (3) less than visibility.  More than 80 
percent of people who traveled through smoke moved a distance greater than or equal 
to the visibility.  When specified distances are concerned, the results showed that 
nearly 80 percent of the popu
th
“Turned back” was also a behavior found in Bryan’s study.  The reasons 
turn back are smoke, heat or both.  Nearly 20 perce
tion and 30 percent of the people who traveled through smoke had this 
Of those who turned back, over 75 p
(12 feet) or less.  Only 15 percent turned back at visibility of 3.7 meters (12 
 meters (30 feet).  The mean distance at which p
der 3.1 meters (10 feet) which has been used as a reference value for defining 
y criteria in some research. [24] 
 
z Human behavior in hotel fire: 
      The guests in 
cident from those of the occupants in residential occupancies due to the dissimilar 
familiarity with the environment between them.  The study of MGM Grand Hotel 
fire can give us some information on this kind of public use occupancy.  This fire 
occurred on November 21, 1980 and resulted in 85 fatalities to guests and
employees. [25] 
 
”.  This means the
d in trying to define and e
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of the t
y are 
z Smoke obscuration 
teristics (heat and smell) 
z Role in occupancy 
 and attachments 
 proximity to exit 
unication on fire in progress 
 inclination to use the nearby exit. 
hreat to them. 
 
z Sime’s study: 
      Trying a different approach from Wood and Bryan, Sime used highly detailed 
case studies of five fires to identify the relationship between the occupants’ behaviors 
and the architecture of the building in mid-eighties.  He also tried to determine the 
factors, which may deter people from using internal escape routes when the
escaping from a fire.  Those factors include: [26] 
 
z Fire charac
z Familiarity with escape routes 
z Characteristics such as age or infirmity 
z Advice provided 
z Light levels and light sources 
z Group dynamics
z Location and
z Information/comm
z Fire exit signs 
 
      This study also conducted a monitored evacuation and tried to establish the 
relative effects of configuration (exit position) and social factors on routes of 
movement.  Results demonstrated that there was an
[27]  The important influences in exit choice behavior were: [28] 
 
z Visibility and location of exits 
z Proximity of exits 
z Familiarity with escape routes 
z Instructions from authoritative source 
 
 
      Other noticed results in this study were: [29] 
 
z On average, two-thirds of the egress time was spent in the time of 
pre-movement, only one third for actual travel time.  One reason for that 
was people thought the alarm indicated a drill and not a real fire incident.  
This is in agreement with the conclusion of Canter and Wood that people 
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tend to ignore ambiguous cues and tend to investigate only when the cues 
 
 Drills in Canada: [30] 
Canada did a research on evacuation drills 
ring the alarm signal. 
 in this study include: 
ge time to start evacuation (the duration between the first alarm 
considered loud enough by more 
than 80 percent of the occupants to be heard.  The start time ranged from 
e than 14 minutes.  The actions before start evacuating 
s, and got their children or pets.  
he buildings where the alarm was not heard.  
uilding where the alarm was heard. 
 
      study: 
 
e start of evacuation. 
continue. 
z An obvious decrease in the usage of the fire exit as compare to an 
ordinary exit by adding a sign (“Fire Exit Only”) and restricting that exit 
to the inside only. 
z The visibility had to be a few meters less than 10 meters before people’s 
movement through smoke was strongly restrained. 
 
7.4 Pre-movement Time Measured in Fires or Drills
z
      Proux at National Research Council 
in seven apartment buildings.  She found that it took people from 30 seconds to 14 
minutes to start evacuating, with most of the occupants starting approximately three 
minutes after the alarm signals in buildings, in which the alarm was audible 
throughout.  The reasons for delays were related to: 
 
z Not hea
z Not linking the signal to the threat of fire. 
z Deciding what to do, e.g., looking in the corridor, looking for children, 
getting dressed, gathering valuables, etc. 
 
      Other findings
 
z The avera
sound and leaving the apartment unit) was 9 minutes and 2 seconds in the 
buildings where audibility was poor.  The start evacuation time ranged 
from one minute to more than 24 minutes. 
z The average time to start escape was 2 minutes and 45 seconds in three 
buildings where the alarm signal was 
24 seconds to mor
were got dressed, gathered valuable
z It took 25 minutes to evacuate t
13 minutes was taken to evacuate the b
Some conclusions were made in this 
z Inaudible alarms clearly delayed th
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z People delayed evacuation by actions like verifying the cue or gather 
o did not hear the alarm, did not move until the fire 
department arrived. 
mbing event and 
volved approximately 100,000 occupants and visitors.  In evacuation, most 
occupan ation to be very serious and delayed to 
leave the e time between perception of the event and attempting 
to leave inutes in Tower 2. 
 
 Experiments in New Zealand: [32] 
     Regan performed some evacuation experiments in University of Canterbury, 
iversity to do the evacuation 
xperiments.  Most of the evacuees were students in their late teens to early twenties. 
Some o
      The
are showed
 
Table-7
Area Pre-movement 
valuables. 
z Occupants, wh
z When occupants heard the alarm, they did not start to escape immediately. 
 
z World Trade Center evacuation: [31] 
      The World Trade Center evacuation was made for a bo
in
ts did not initially consider the situ
 building.  The averag
the building was 8.9 minutes for Tower 1 and 39.9 m
z
 
New Zealand.  He used three buildings in un
e
f evacuees were staff in university.   
 results of the mean pre-movement time for different buildings and area 
 in Table-7.4.1: 
.4.1 Mean Pre-movement Times for Different Buildings and Areas 
Building 
time-lag (s) 
Lecture Theater Theater 1 38 
 Theater 2 28 
Law Computer laboratory 20 
 Library 27 
Commerce Computer laboratory 19 
 Class-room 24 
 
      We can notice that evacuees in the environment with pre-recorded 
announcement alarm were faster in completing the pre-movement activities than those 
in the surrounding with the siren type alarm. 
 
z Evacuation experiments in Britain:  
     1.  Purser collected some evacuation examples to demonstrate the relative 
pre-movement times. [33] 
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z A committee room example: Table-7.4.2 shows a study in an office 
) but engaged in activities, like 
gathering coats and belongings, before leaving the room.  The 
d 51 seconds on average, while the actual 
travel time only needed 5 seconds.  When they reached outside the room, 
 
Perso el to exit Total time 
meeting room using a hidden camera.  The occupants responded quickly 
to the alarm (a recorded voice message
non-evacuation activities require
another 5 seconds is required to arrive at a protected escape route. 
Table-7.4.2 Committee Room Evacuation 
n Recognition Response time Trav
time (sec) (sec) time (sec) (sec) 
16 
15 
17 
20 
40 
17 
20 
30 
5 
5 
2 
3 
61 
37 
39 
53 
1 
2 
3 
4 
5
6 
7 
9 
1
1
12 
? 
? 
? 
? 
? 
3 
3 
? 
4 
67 
59 
55 
65 
51 
 16 
18 
30 
39 
6 
5 
52 
62 
8 30 30 1
0 ? ? ? 
1 ? 
? 
? 2 71 
Average 17 29 5 56 
te: ? - Location out o   No f site of camera. 
 
z Other occupancies: Table-7.4.3 shows the maximum times for the main 
er occupancy experiments.  Evacuation 
ct the 
total egress time. 
phases of evacuation for some oth
in sparsely occupied environments, especially in multi-space occupancy 
where the occupants are widely distributed (like hotels or apartments), the 
last occupant’s pre-movement time will dominate the total evacuation time.  
In crowded occupancies (such as theaters, assembly spaces), the first 
person’s pre-movement time and the egress flow capacity will affe
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Table-7.4.3 Maximum Time of Evacuation from Experiments in Different 
Building Types (Time “min. sec” to protected escape route or outside building) 
uilding Alarm Recog Response Pre-movem Travel Total B
nition ent 
University g 
laboratory (visiting 
students) 
Sound
Recorder voice 
t r
1.05 
0.52 
   teachin er 
Shor ec. voice 0.43 
 
staff 
ed voice  
  
0.20 0.32
0.0
16 story offices-phased 
evacuation 
Room 311, visitors 
Room 312, 
Snack bar 
oom 208 
ain Stair A 
Record
0.33 
3 
 
0.67 
 
0.13 
 
 
1.00 
0.52 
0.16 
0.90 
3.13 
 
 
0.15 
0.15 
0.15 
0.35 
0.32 
 
 
1.73 
1.30 
0.55 
1.45 
7.20 
8.73 
8.97 
R
Floor 15 Office staff 
Floor 16 Office staff 
Floor 17 Office staff 
3.43 
2.80 
0.32 
0.32 
7.23 
6.73 
M
Main Stair B 
Office building- 
Equinox test visitors 
Bell Message 
 
  > 10 min a   
Offices
BRE-office
Building 4 
Building 18
Building 19
Council off
Valley 
0 story Office-city o
 and labs, 
 staff 
 
 
ices, Amber 
Sounder 
 
Sounder 
Sounder 
Sounder 
Sounder 
 
< 1 min. 
 
 
 
 
 
 
Max 
2.5 
1.22 
1.44 
1.36 
1.17 
1 f 
London, staff 
Sounder 
few min. 
< 2 min. 
 
 
6.5 
Arts T
Manchester Thea
BRE ture thea
ou
 of sh
(end of show) 
0 
4.17 
1.29 
heater 
ter 
PA ann
(end
lec ter 
ncer 
ow) 
  3.55  6.4
ent 
ma rts 
market (shopping 
) 
. 
Food hall, ground floor 
Food hall, Basem
Super rket, He
Super
center
Sounder 
Sounder 
 
PA announcer 
  1.56 
0.29 
 
< 2 min
 
 2.47 
4.16 
3.56 
3.00 
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Clothing store, 
Scotland 
4 min. 4.15 
Hospital outpatients, 
Luton
Leisure center 
Libra
Under s n, 
Tyne 
Message 
 
 
Bell 
PA 
0.24 
 
 
9.00 
1.15 
0.  0.29 
 
0.34 
 
 
0.04 
1.39 
 
0.38 
2.21 
15+ 
5.45 
 
ry 
ground tatio
05
and Wear 
Restaurant (shopping 
center
PA message 0.96 0.31 1.27 0.33 1.60 
) 
elds and Boyce carried announced evacuations (conducted between June 
nd January 1997) of four Marks and Spencer retail stores.  From the 
is of video tapes, they found the pre-movement time for four stores are 
 in Table-7.4.4 (the pre-movement time definition in this study is the time 
n alarm or cue is evident but before the occupants of a building begin to 
owards an exit.)  
  
 2. Shi
1995 a
analys
shown
after a
move t [34] 
 
Table-7.4.4 Pre-movement Times for Four Stores in Shields and Boyce’s study 
Pre-movement Times (s) 
 
Store 
Mean Standard Deviation Range 
Number of Customers 
Royal Av 37 19 3-95 122 
Que
S
se 25 
en St 31 18 4-100 122 
prucefield 25 14 1-55 95 
Culverhou 13 2-60 71 
. 
7.5 Methods to Predict 
      Ev
Pre-movement Time 
 pre-movement time is com
there are still some meth
They usuall
ods trying to esti
e
scenarios with cons  envir nmen . occu  architectural 
design) and the o  (such s aler , familiarity mobil y, and
social affil  estim te the -move time e the
following: 
 
z DD240 in British
      The Fire Safet ome r ended anges
 
en though the plicated and difficult to predict, 
mate this duration before start to evacuate.  
y refer to the real fire exp rience, or use the models simulating the 
idering the building o t (e.g pancy,
ccupant characteristics  a tness , it  
iation).  Some methods to a  pre ment ar  
 Standard Institution: [35] 
y Engineering Guide in DD240 has s ecomm  r  
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of the likely recognition time but the response time should also be considered o  
occupants involved, in order to estimate the pre-movement tim  
tri  of rec gnition tim min). 
 Estimates of Recognitio min) 
Type of wa g 
system 
n the
nature of the e for
design purpose.  Table-
 
7.5.1 is the ma x o e estimation (
Table-7.5.1 Matrix of n Times (
rninOccupancy t pes and characteristics 
W1 W2 W3 
y
Offices, commercial a strial premises, colleges, 
nd predominantly familiar 
 building, alarm s and evacuation procedures
>4 3 <1 nd indu
schools (e.g. Occupants
with the
 awake a
 system ) 
Shops, exhibitions, mu
assembly buil
seums, leisure centers and oth
dings (e.g. occupants awake, but may be 
th the bui t s and evacuatio
3 <2 er >6 
unfamiliar wi lding, alarm sys em n 
procedures) 
Hostels and boarding sc upants may be asleep 
he buil ing, al rm system
ur
>5 4 <2 hools. (e.g. occ
but predominantly familiar with t d a s 
and evacuation proced es) 
Hotels and boarding ho ses. (e.g. occupants may be asleep 
alarm systems an
on procedures) 
>6 4 <2 u
but unfamiliar with t
evacuati
he building, d 
Hospitals, nursing homes 
establishm
and other institution
ents. (e.g. containing significant numbers o
al 
occupants requiring assistance) 
>8 
 
Note:  
1. W1 = warning syste ng alarm bell, siren or similar 
er-recorded)  systems and/or informative warning 
y 
e s , e.g. from a ol room  c  
uit television facilities  
m usi
2. W2 = non-directive
visual displa
 (p  voice
3. W3 = live directive
circ
, using a voic ystem  contr  with losed
f 
5 <3 
 
 
Fire Engineering Guidelines in Fire Code Reform center of Australia: [36] 
   In Australia’s Fire Engineering Guidelines, the pre-movement time can be 
ieved by the equations following: 
Tr = tr(qA) or tr(qB) 
z 
   
ach
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W
 tr(qA) = t  
      tr(qB) = t on
 that communicate inform via atic audible, visual, or 
tactile alarms to the occupants 
e B: s that are intrinsic and communicated to the occupants either via 
e a smok read, other occu and biguous signs- this also 
includes investigate activities to confirm or otherwise the presence of a 
fire (detected via visual, olfactory or auditory senses) 
         tqB is the time of occurrence of Cue B 
                  Rc is the Response Capability Factor 
 time (qB) 
      Wef  of factors 
      Rc 
 
      The factors, which are considered in calculating Rc, are Alertness, Mobility, 
am . 
n be obtained through 
 Architecture Center  
em in public buildings 
t consider the human response in a fire incident.  The pre-movement 
time can be expressed by the equations following: [37] 
 
here: Tr = pre-movement time 
     he response time to cue A
he resp se time to cue B 
z Cue A: cues ation autom
z Cu  cue
fir nd e sp pants  am
z tr(qA) = tqA + tr(base)*Rc 
z Where:  tr(qA) is the response time to cue A 
           tqA is the time of occurrence of Cue A 
                   Rc is the Response Capability Factor 
                   tr(base) is baseline response time (qA) 
z tr(qB) = tqB + tr(base)*Rc 
z Where:  tr(qB) is the response time to cue B 
  
 
                   tr(base) is baseline response
 
      In this method, the Response Capability Factor (Rc) is calculated by using 
weighted efficiency factor averages (Weff), which is achieved by the equations 
following: 
 
f for Rc = (3 main factore*2 +5 secondary factors*0.4)/ total no.
= (6-Weff) 
Social Affiliation, Role, Position, Commitment, Focal Point, a
      The baseline response times for cue A and cue B ca
some information.  
nd F iliarity
 
z The Integrated Fire Protection Design Method of Japan
      This method is based on Japan’s fire management syst
and does no
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      T = td + tr1 + tr2 + ta1 + ta2 + tw 
 
Where: T = the pre-movement time 
agement department 
me to the emergency telephone 
 a person in sleeping 
. td:  If fire is detected by an occupant, then td = 2*(1/ ?1/2).  (?: 
ctor, then Table-2.9 and 
2: 
tal distance (m) 
      L2 = Vertical distance (m) 
      L3 = Vertical distance of elevator movement (m) 
d [2.5 (m/s)] 
3. ta1: this time can be tested by different occupancy.   
ended or it can be tested. 
5. tw: the time to wake up a person depends on the individual.  Here 60 
ed based on the fire experience. 
      
researched odels have also been constructed for 
underst
that the hu
Therefore, 
experience; e environment, the 
occupa portant factors.  This is also the method some 
fire safety
      Th ore they start to move.  
nts to start to escape, in 
pre-movement times, 
      td = the detection time   
      tr1 = the travel time of the person dispatched by the man
      tr2 = the travel ti
      ta1 = the time to call the management center 
      ta2 = the time of announcement 
      tw = the time to wake up
 
1
occupant density) If fire is detected by a dete
Table-2.11 can be referred. 
2. tr1 and tr
 tr =(L1/V1) + (L2/V2) + (L3/V3) 
Where: L1 = Horizon
      V1 = Horizontal speed [2 (m/s)]  
                V2 = Vertical speed [0.25 (m/s)] 
                V3 = elevator spee
4. ta2: 35s is recomm
seconds is recommend
 
7.6 Closure of Human Behavior 
The effects that affect the pre-movement time by human behavior have been 
for many years.  Some m
anding the interaction of human response factors in fire.  The only question is 
man did not respond according to any specific equations or models.  
the estimation of the pre-movement time is usually based on the fire 
 the experiments; or analysis and consideration of th
ncy, the occupants, and other im
 design guides adopted. 
is study is not focusing on the behaviors of people bef
But it is still necessary to estimate a period of time for occupa
order to understand the whole evacuation.  Some reasonable 
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based o es, for similar occupancies will be applied to the 
simulation he total evacuation. 
 
 
 
 
 
 
n the results of fire emergenci
 model of this study to appreciate their effects on t
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Figure-8.4.1 ESM Model for the CIB Building 
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Table-8.4.1 Initial Occupants in Different Compartments of CIB Building 
Compartment Occupants Compartment Occupants Compartment Occupants 
C41 0 R39 0 L11 0 
C42 0 R310 5 L12 20 
C43 0 R311 6 R11 8 
R41 10 R312 6 R12 8 
R42 4 R313 3 R13 35 
R43 4 R314 5 R14 2 
R44 0 C21 0 R15 6 
R45 0 C22 0 R16 3 
R46 15 L21 0 R161 2 
R47 25 R21 2 R17 40 
R48 10 R22 10 R18 4 
R49 2 R23 6 R19 0 
R410 10 R24 6 R110 4 
R411 4 R25 5 C01 0 
R412 4 R26 5 C02 0 
C31 0 R27 5 R11 16 
C32 0 R28 5 R12 20 
R31 2 R29 130 R13 20 
R32 12 R210 90 R14 0 
R33 6 R211 90 R15 5 
R34 6 R212 50 R16 10 
R35 4 R213 6 R17 50 
R36 4 R214 5 R18 20 
R37 4 R215 2 R19 20 
R38 4 C11 0 R110 20 
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8.4.1 Output of ESM 
     ESM can predict the occupants in every space at every time step, which 
can be set by users.  This model can produce tables and graphs to demonstrate 
the results of the simulation.  Tables describe the numbers of occupants in the 
compartments concerned, and graphs depict the changes of occupants, flow rates 
or other variables defined in this model by users.  The results of ESM can be 
transported and easily used to find out the possibly trapped occupants in a 
building fire when integrated with other programs simulating the smoke 
movement.  In addition, ESM can also be used to simulate different situations, 
such as phased evacuation, or the evacuation of the handicapped with different 
walking speed by setting different mobility, “Fmov” values, for various spaces.  
Graphs, from Figure-8.4.1.1 to Figure-8.4.1.16, are the output for the CIB 
building.  They described the numbers of occupants, arriving at the destinations 
(exits at the ground floor), at different times for various scenarios: 
 
z Scenario 1: No pre-movement time and no egress blocked. (Figure-8.4.1.1 
& Figure-8.4.1.2) 
z Scenario 2: No pre-movement time but stair1 blocked. (Figure-8.4.1.3 & 
Figure-8.4.1.4) 
z Scenario 3: No pre-movement time but stair2 blocked. (Figure-8.4.1.5 & 
Figure-8.4.1.6) 
z Scenario 4: No pre-movement time but stair3 blocked. (Figure-8.4.1.7 & 
Figure-8.4.1.8) 
z Scenario 5: No pre-movement time but stair4 blocked. (Figure-8.4.1.9 & 
Figure-8.4.1.10) 
z Scenario 6: No pre-movement time but stair3 blocked after 76 seconds of 
simulation. (Figure-8.4.1.11 & Figure-8.4.1.12) 
z Scenario 7: Pre-movement time: 30,90,190-30 seconds for the rooms near 
the fire origin, 90 seconds for the spaces far from the fire start but on the 
same floor, 190 seconds for the other compartments of other floors in the 
building. (Figure-8.4.1.13 & Figure-8.4.1.14) 
z Scenario 8: Pre-movement time: 30,90,190-30 seconds for the rooms near 
the fire origin, 90 seconds for the spaces far from the fire start but on the 
same floor, 190 seconds for the other compartments of other floors in the 
building & Stair3 blocked after 76 seconds. (Figure-8.4.1.15 & 
Figure-8.4.1.16) 
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8.4.2 Discussion of the Results 
      The main results of the simulations are demonstrated in Table-8.4.2.1, 
Table-8.4.2.2, and Table-8.4.2.3 
 
1. Scenario 1 (ideal evacuation): from Table-8.4.2.1, we can identify that floor 
2 and floor 1 have longer clearing time than other floors, especially for lobby 
21.  This is because there are lots of persons in conference rooms (r29, r210 
and r211) and there is a big congestion in lobby21.  This also leads to the 
large evacuation load of stair3 (Table-8.4.2.2).  If we compare the four stairs, 
stair1 (destination1) and stair3 (destination 5) have more evacuation loads 
than others do.  The last person to arrive the outside is at destination 5 
(stair3), and the arrival time is 436 seconds. 
 
2. Scenario 2~5: in the viewpoint of the whole structure, the 4 stairs are the 
important exits to evacuate the occupants above the ground floor.  Hence, 
they can be chosen as the 4 target spaces for testing their sensibilities to the 
evacuation.  In Table-8.4.2.2, we can discover that when we block one stair 
at different simulations, stair3 is most sensible.  It causes longest evacuation 
time (709 seconds) and most of its occupant load is switched to stair1.  
Stair1’s sensibility of occupant load is the second.  Consequently, stair3 
becomes the most important target space. 
 
3. Scenario 6: 
z Locate the possible rooms of fire origin that can pollute the 
important target space: from the conclusion above, stair3 should be 
the enclosure to prevent from smoke pollution.  Because ground floor 
has total separation from stair3, if the fire starts from that floor, it is 
difficult for the smoke to spread in the target space.  In addition, if we 
consider the life safety in this building, the compartments near stair3 in 
the first floor would be appropriate for the room of fire origin.  We 
choose the lobby (L12) as the space of fire start because it is next to 
stair3 and may contain some furniture. 
z Develop a design fire: this example tries to use the full scale fire test on 
desks and sofas performed by Madrzykowske and Vettori, [2] and use 
FPEtool’s FREEBURN routine to create heat release curves, which will 
be used to import into the CFAST program for the prediction of smoke 
movement in this area. [3]  The heat release rate of the developed 
design fire (one sofa and one desk) is in Appendix. 
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z Predict the smoke movement under the design fire: in the simulation 
of smoke generation and movement, L12 is divided into two spaces 
(compartment 1 and compartment 2).  L11 will be simulated as the 
compartment 3.  Fire starts in compartment 1, which is right next to 
stair3.  The simulation result is in Appendix. 
z Identify tenability criteria: toxicity, heat, visibility and the smoke 
layer height are the effects of fire that are most often associated with 
tenability criteria.  Toxicity includes narcotic and irritant effects of 
combustion products.  Heat exposure can cause skin burns, damage to 
lungs and respiratory system and other psychological effects.  
Visibility will delay or interfere with the movement of occupants when 
doing their evacuation.  In addition, psychological interference can 
also be predicted in the environment of low visibility.  The smoke layer 
height is considering the normal height (1.6m) of people when doing 
their evacuation.  This study will not utilize any of the traditional 
criteria but tries to consider the time when smoke begins to flow into the 
target space (stair3) as the tenable duration.  The main reason is that 
when smoke starts to spread into stair3, the occupants already in that 
space will escape from the stair to the floor area and the persons still not 
entering the stair will not continue to proceed to the shaft which smoke 
has begun to flow into. 
z Determine the tenable duration of target space: from the simulation 
of smoke movement (Appendix) and the defined tenable criterion above, 
the tenable duration for stair3 is 76 seconds (the time when the layer 
height becomes 1.8 m and smoke will start to flow into the shaft of 
stair3, assumed the doors of stair3 are open). 
z Simulate the evacuation by blocking the target space from its 
untenable time point: using ESM, stair3 is only available for 76 
second.  After that time point, the flows into stair3 will be set to zero 
and the occupants already in the shaft of stair3 will flow back into the 
floor area depending on their location at that time.  The simulation 
result is in Table-8.4.2.1 and Table-8.4.2.2. 
 
4. Variations between Scenario 1 and Scenario 6:  from Table-8.4.2.1, we 
can identify that the clearing times of stair1 increases and those of stair3 
decreases.  In Table-8.4.2.3, the arrival time of the last person at stair1 
grows 320 seconds and the occupants using stair1 are 260 persons greater 
than that of the unblocked situation.  It is obvious that most of the persons, 
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who originally utilize stair3, will switch to stair1 if stair3 become untenable 
from 76 second. 
 
5. Scenario 7 and Scenario 8:  
z Assume per-movement times for occupants in building: if we assume 
it takes 30 seconds for the people in the room of fire origin to identify 
the threat of fire and it needs 60 seconds for the staff to inform the 
occupants in other areas and other floors.  From the literature in 
pre-movement time, it demonstrated that the average time for occupants 
to start to escape is 30-40 seconds after the alarm or cue is evident but 
the period may be rise to 100 seconds in Shields’ research. [4]  
Therefore, the pre-movement time in L12, L11 will assume to be 30 
seconds, that in other areas of the fire floor would be 90 second.  
Occupants in other floors will be presumed to escape after 190 seconds.  
Two simulations will be made.  One will assume no block for any 
space; the other will still imagine stair3 can only maintain for 76 
seconds.  In the second simulation, the occupants near the space of fire 
origin will not travel into that compartment (L12) and are forced to take 
a different direction of movement. 
z Calculate the evacuation of occupants with the consideration of 
pre-movement time: when the simulation only considers the 
pre-movement times with 30, 90 and 190 seconds for different spaces, 
the clearing times for various compartments increase almost the same 
range in the floor areas (Table-8.4.2.1B).  Stair1 and stair3 are still the 
main exits for the occupants (Table-8.4.2.1B and Table-8.4.2.2B).  If 
the calculation supposes both the same pre-movement times as the last 
one and a tenable duration 76 seconds for stair3, the results are shown in 
Table-8.4.2.1B and Table-8.4.2.2B.  We can observe that the total 
evacuation time (768 seconds) for this case is almost 60 seconds larger 
than the time of blocking stair3 completely (709 seconds), but when 
compared with the manipulation only assuming pre-movement time it 
raises near 200 seconds.  From this comparison, the effects of blocking 
stair3 is greater that that of giving pre-movement time between the two 
simulations.  The other fact is that most of the occupants using stair3 
originally will also switch to utilize stair1.  
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Figure-8.4.1.1 Occupants Arriving Destinations- Stairs Exits of Ground Floor 
(No pre-movement time and no egress blocked) 
 
 
 
 
Figure-8.4.1.2 Occupants Arriving Destinations- Exits of Ground Floor 
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Figure-8.4.1.4 Occupants Arriving Destinations- Exits of Ground Floor 
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 ound Floor 
 
Figure-8.4.1.6Occupants Arriving Destinations- Exits of Ground Floor 
(No pre-movement time but stair2 blocked) 
 
 
 
 
 
Figure-8.4.1.5 Occupants Arriving Destinations- Stairs Exits of Gr
(No pre-movement time but stair2 blocked) 
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Figure-8.4.1.7 Occupants Arriving Destinations- Stairs Exits of Ground Floor 
(No pre-movement time but stair3 blocked) 
 
 
Figure-8.4.1.8 round Floor 
(No pre-movement time but stair3 blocked) 
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Figure-8.4.1.9 Oc f Ground Floor 
(No pre-movement time but stair4 blocked) 
 
Figure-8.4.1.10 Occupants Arriving Destinations- Exits of Ground Floor 
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(No pre-movement time but stair4 blocked) 
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Figure-8.4.1.11 Occupants Arriving Destinations- Stairs Exits of Ground Floor 
 
(No pre-movement time but stair3 blocked after 76 seconds) 
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(No pre-movement time but stair3 blocked after 76 seconds) 
 
 
 
 
Figure-8.4.1.12 Occupants Arriving Destinations- Exits of Ground Floor 
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 ound Floor 
 
Figure-8.4.1.14 Occupants Arriving Destinations- Exits of Ground Floor 
(Pre-movement time: 30,90,190) 
 
 
 
 
 
Figure-8.4.1.13 Occupants Arriving Destinations- Stairs Exits of Gr
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Figure-8.4.1.15 Occupants Arriving Destinations- Stairs Exits of Ground Floor 
(Pre-movement time: 30,90,190 & Stair3 blocked after 76 seconds) 
 
 
Figure-8.4.1.16 Occupants Arriving Destinations- Exits of Ground Floor 
(Pre-movement time: 30,90,190 & Stair3 blocked after 76 seconds) 
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      Table
bilit
-8.4.1.1A and Table-8.4.1.1B are the clearing times of different 
compartments for various situations.  There were eight conditions considered: an 
ideal evacuation (not any path was blocked), one-path-blocked evacuations (one 
specific stair blocked in every simulation), the simulation of stair3 polluted after 76 
seconds, and the consideration of the pre-movement times.  The number of 76 is 
estimated from the evaluation of smoke movement and the choice of tenable criteria.  
The pre-movement times were selected from the research of Shields and Boyce. [5]  
The tenable duration is obtained from the output of CFAST.  From the two tables, we 
can identify that floor 2 and floor 1 have longer clearing time than other floors, 
especially for lobby 21.  This is because there are lots of persons in conference 
rooms (r29, r210 and r211) and there is a big congestion in lobby21.  This also leads 
 the large evacuation load of stair3. 
     Table-8.4.1.2A, Table-8.4.1.2B, and Table-8.4.1.2C describe the occupant 
n  
From  more 
vacuation loads than others do.  The last person to arrive the outside is at 
estination 5 (stair3), and the arrival time is 436 seconds.  We can also discover that 
hen we block one stair at different simulations, stair3 is most sensible.  It causes 
longest evacuation time (709 seconds) and most of its occupant load is switched to 
stair1.  Stair1’s sensi y of occupant load is the second. 
 
      From the evaluation and analysis above, some conclusions can be achieved for 
this building: 
 
z Stair3 is the most sensible exit in this building and can cause a much 
longer evacuation time than other stairs do.  The second sensible one is 
stair1. 
z The enclosures near stair3 (lobby2 or other spaces) of the first floor are 
the places, which should be remarked for the great threat to the life safety 
and need to take some measures in advance. 
z If there is a safe and a desk in fire, the possible time for smoke to spread 
into stair3 is 76 seconds and this may keep that space to maintain for that 
tenable duration. 
and 
z If one plans to evacuate the 885 occupants within 700 seconds, the people 
to
 
umbers and time of the last one to arrive the destinations for different situations. 
these tables, stair1 (destination1) and stair3 (destination 5) have
e
d
w
z It takes 436 seconds to evacuate all 885 occupants in this structure 
the possible persons using stair1 and stair3 are about 300 and 340. 
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in this building can have almost 190 second of pre-movement time.  
Table-8.4.2.1A Compartment Clearing Time at Different Scenarios 
d Not 
blocked 
S1 blocked S2 blocked S3 blocked S4 blocke 
Clearing 
time 
(sec) 
Clearing 
time 
(sec) 
Compared 
with not 
blocked 
Clearing 
time 
(sec) 
Compared 
with not 
blocked 
Clearing 
time 
(sec) 
Compared 
with not 
blocked 
Clearing 
time 
(sec) 
Com
blocked 
pared 
with not 
C41 73 90 17 27 -46 77 4 73 0 
C42 74 91 17 22 -52 78 4 74 0 
4F 
C43 27 27 0 27 0 36 9 58 31 
C31 28 52 24 30 2 36 8 28 0 3F 
C32 29 29 0 29 0 58 29 50 21 
C21 30 74 44 36 6 45 15 30 0 
C22 59 60 1 
2F 
58 -1 115 56 278 219 
L21 302 527 225 318 16 185 -117 378 76 
L11 120 196 76 123 3 319 199 147 27 
L12 112 226 114 114 2 310 198 141 29 
1F 
C11 22 22 0 23 1 22 0 22 0 
C01 33 49 16 33 0 33 0 33 0 GF 
C02 32 48 16 32 0 32 0 32 0 
S41 58 --- --- 53 -5 189 131 58 0 
S31 162 --- --- 161 -1 30
S1 
7 145 172 10 
S21 288 --- --- 297 9 565 277 327 39 
S11 334 --- --- 343 9 695 361 372 38 
S01 356 --- --- 363 7 709 353 382 26 
S42 18  18 0 --- --- 18 0 18 0
55 26 --- --- 36 7 29 S32 29 0 
S22 42 82 40 --- --- 57 15 42 0 
S12 0  47 87 40 --- --- 63 16 47 
101 41 --- --- 71 11 60 
98 33 79 14 
S2 
S02 60 0 
S43 65 --- --- 89 24 
S33 202 341 139 237 35 --- --- 354 
 613 225 404 16 --- --- 464 
 645 224
152 
S23 388 76 
S13 421  436 15 --- --- 496 75 
S3 
S03 436 669 233 441 5 --- --- 500 
42 0 42 0 75 33 --
64 
S44 42 - --- S4 
S34 76 75 -1 74 -2 130 54 --- --- 
 160
S24 112 111 -1 110 -2 166 54 --- --- 
S14 141 141 0 140 -1 196 55 --- --- 
 
S04 155 155 0 154 -1 222 67 --- --- 
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Table-8.4  Co rtmen arin ime at Differen narios
ed 
bloc d at 7  bl d at 7 c & 
e-30-90-190 
.2.1B mpa t Cle g T t Sce  
Not 
block
S3 ke 6 Pre-30-90-190 
sec 
S3 ocke 6 se
Pr
 
Clearing 
time 
(sec) 
Clearing 
time 
(sec) 
Compared 
with not 
blocked 
Clearing 
time 
(sec) 
Compared 
with not 
blocked 
Clearing 
time 
(sec) 
Compared 
with 
Pre-30-90-190 
C41 73 73 0 263 190 267 4 
C42 74 74 0 264 190 268 4 
4F 
C43 27 27 0 217 190 226 9 
C31 28 26 -2 218 190 243 25 3F 
C32 29 29 0 219 190 219 0 
C21 30 118 88 220 190 235 15 
C22 59 114 55 246 187 292 46 
2F 
L21 302 121 -181 470 168 370 -100 
L11 120 300 180 180 60 166 -14 
L12 112 289 177 206 94 97 -109 
1F 
C11 22 22 0 112 90 112 0 
C01 33 33 0 225 192 227 2 GF 
C02 32 32 0 225 193 226 1 
S41 58 55 -3 235 177 308 73 
S31 162 277 115 304 142 393 89 
S21 288 539 251 442 154 636 194 
S11 334 660 326 458 124 716 258 
S1 
S01 356 676 320 477 121 768 291 
S42 18 18 0 0 -18 0 0 
S32 29 28 -1 0 -29 0 0 
S22 42 39 -3 224 182 248 24 
S12 47 127 80 230 183 254 24 
S2 
S02 60 137 77 244 184 261 17 
S43 65 65 0 245 180 0 -245 
S33 202 111 -91 342 140 0 -342 
S23 388 109 -279 555 167 0 -555 
S13 421 104 -317 571 150 94 -477 
S3 
S03 436 76 -360 588 152 99 -489 
S44 42 42 0 226 184 240 14 
S34 76 78 2 251 175 283 32 
S4 
S24 112 120 8 287 175 327 40 
 162
S14 141 149 8 300 159 330 30  
S04 155 159 4 315 160 335 20 
 
Table-8.4. Des on A Time
ot bl ed S1 bl d S2 b ed Destination 
Arrival 
t of
t last
person 
(sec) 
ival 
ants 
ons) 
al 
oime  occup
he  (pers
Arr Arriv
time f occu
the las
n 
val 
pants
rsons) 
al 
 
t (pe
perso
(sec) 
Arri
 time
Arriv
of occ
the la
son 
) 
rrival 
upants 
rsons) st (pe
per
(sec
A
D1 (Stair1) 356 299 --- 05 --- 364 3
2 3 42 49 60 33 4
D3 (Stair2) 7 - 4 20 101 51 --- --
4 3 41 49 59 33 42
36 344 669 557 441 357
54 95 155 96 154 95 
7 1 39 45 57 31 39 
D8 7   5 7 5 7 5
 
 
 
 
 
 
 
 
2.2A tinati rrival  and Arrival Occupants for Different 
Scenarios 
N ock ocke lock
D 3  2 
D 3  
D5 (Stair3) 4  
D6 (Stair4) 1
D 3
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Table-8.4.2.2B nati Arrival  and Arrival Occupants for Different 
Scenarios 
S3 blocked S4 blocked S3 blocked at 76 sec 
Desti on Time
Destination 
Arrival 
time of 
the last 
person 
(sec) 
Arrival 
occupants 
(persons) 
Arrival 
time of 
the last 
person 
(sec) 
Arrival 
occupants 
(persons) 
Arrival 
time of 
the last 
person 
(sec) 
Arrival 
occupants 
(persons) 
D1 (Stair1) 709 587 382 329 676 559 
D2 33 42 33 42 33 42 
D3 (Stair2) 78 31 60 19 137 45 
D4 33 41 33 41  33 41
--- --- 500 410 76 51 
223 140 --- --- 159 103 
31 39 31 39 31 39 
7 7 
Tabl  De on A Tim
Pre 190 S3 b  at  
& Pr
Arr
time of occu
the last
person 
(sec) 
al 
pants 
rsons) 
val 
 (pe
Arriv Arri
time of occ
the last
person 
(sec) 
al 
upants 
rsons)  (pe
Arriv
D5 (Stair3) 
D6 (Stair4) 
D7 
D8 5 5 7 5 
 
 
e-8.4.2.2C stinati rrival e and Arrival Occupants for Different 
Scenarios 
-30-90-  locked  76 sec
e-30-90-190 
Destination 
ival 
D1 (Stair1) 477 328 768 557 
D2 225 40 227 44 
D3 (Stair2) 292 20 268 38 
D4 225 40 227 43 
D5 (Stair3) 588 298 99 11 
D6 (Stair4) 313 118 335 150 
D7 225 38 226 39 
D8 200 3 200 3 
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Table-8.4.2.3A Destination Comparisons for Different Scenarios 
ompare lock) 
ke ed ed
(C d with Not B
Not bloc d S1 block  S2 block  
Arrival 
time of 
the l
person
(sec)
Arrival 
occupants 
Arrival 
time of 
the l
person
ast 
 
 
(persons) 
(sec)
Arrival 
occupants 
Arrival 
time of 
the l
person
ast 
 
 
(persons) 
(sec)
Arrival 
occupants 
D1 (Stair1) 0 0 --- --- 8 6 
D2 0 0 16 18 0 0 
D3 (Stair2) 0 0 27 31 --- --- 
D4 0 0 16 18 0 1 
D5 (Stair3) 0 0 233 213 5 13 
D6 (Stair4) 0 0 1 1 0 0 
D7 0 0 14  18 0 0 
Destination 
ast 
 
 
(persons) 
D8 0 0 0 0 0 0 
 
 
Table-8.4.2.3B Destination Comparisons for Different Scenarios 
h Not
S3 blocked S4 blocked ked at 76 sec 
(Compared wit  Block) 
 S3 bloc
 
 
Arrival 
occupants 
(persons) 
Arrival 
time of 
the last 
Arrival 
occupants 
(persons) 
person 
(sec) 
Arrival 
time of 
the last
) 353 288 26 30 320 
0 0 0 0 0 
) 4 11 -14 -1 63 
0 0 0 0 0 
) --- --- 64 66 -360
) 69 -55 --- --- 5 
0 0 0 0 0 
0 0 0 0 0 
Destination 
Arrival 
time of
the last
person 
(sec) 
 
person 
(sec) 
Arrival 
occupants 
(persons) 
D1 (Stair1 260 
D2 0 
D3 (Stair2 25 
D4 0 
D5 (Stair3  -293 
D6 (Stair4 8 
D7 0 
D8 0 
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Table-8.4.2.3C Destination Comparisons for Different Scenarios 
(Compared with Not Block) 
Pre-30-90- 3 blocked
0-
190 S  at 76 sec 
& Pre-3 90-190 
Destination 
Arrival 
time of 
 
Arrival 
occupants 
(personsthe last
person 
c) 
) 
(se
Arrival 
time of 
 
Arrival 
occupants 
(personsthe last
person 
) 
) 
(sec
12 29 412 25
D2 2   19 -2 194 2 
21 0 194 18
D4 2  19 -1 194 2 
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19 -1 19 0 
D1 (Stair1) 1  8 
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D8 193 -2 193 -2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 166
8.5 Summary 
      T xample 
buildings are demonstrated. , while the second one is a 
more compli r tion s
examples.  In the evaluation processes, ESM plays a very important role, which we 
can use to identify the differ ri get spaces or the portions of an egress 
system we are interested. 
 
 
 
 
 
 
 
 
 
 
 
his chapter discussed the analysis of an egress system.  Two e
 One is a simple layout building
cated structu e.  The evalua teps are also shown in the two 
ent scena os for tar
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Chapter 9 Conclusion 
9.1
   focused on the analysis of building egress system, which plays an 
   
or d c situations.  The former means building evacuation with all egress paths 
beg
sele
static situation, the egress routes are fixed and cannot be changed during the 
egr the same during the emergency.  
 
Dif ntribute various effects to the 
erformance of that egress system.   
      To analyze an egress system, this thesis has set some initial goals, which are 
e following: 
z Identifying the target spaces of an egress system: there are some 
critical spaces, which will greatly affect the performance of an egress 
system.  If those spaces have been blocked, smooth evacuation cannot 
be achieved.  To locate the target spaces thus become very essential in 
the analysis of an egress system. 
z Comparing the sensitivities of different components of the egress 
system: sensitivity means an egress component’s contribution to the 
performance of total evacuation in a building.  With the comparisons of 
component sensitivities, their importance can be recognized. 
z Recognizing the room of fire origin: in a dynamic situation, different 
room of fire origin can cause various effects on occupant movement in a 
building.  When the rooms near the compartments, which can lead to big 
congestion, once becomes the starting space of a fire incident, the 
evacuation of that building will become terrible or even a tragedy.   If 
the most important section of an egress system can be identified (that 
section usually has primary contribution to the whole evacuation of that 
building), the possible threatening compartments (those may near that 
 
 Initial Goals of the Thesis 
   This study 
important role in the emergency evacuation safety of a building.   
   To analyze egress routes in a building for evacuation needs to recognize static 
ynami
available, or building evacuation with selected egress paths blocked before egress 
ins (earthquake or terrorist attack).  The later imply building evacuation with 
cted egress paths blocked at a certain time during the emergency (e.g. fire).  In a 
evacuation.  Therefore, the capacity of egress dimension and the configuration of the 
ess system will influence the evacuation all 
However, in a dynamic circumstance, both the two factors are changed all the time. 
ferent spaces of the egress system will co
p
 
th
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section of the eg ed.  
ectural designs of alternative evacuation layouts 
r evacuation time; 
ted by flows.  The stocks stand for the 
t the passages between compartments.  Using ESM, the evacuation 
fety of buildings can be evaluated.  ESM was constructed to simulate different 
situatio
can also sim
capable of t
step, and de  
Below are th
z 
z Pre
tim
z Est -movement 
times in various compartments). 
z 
com
z Exa
com
z Rec
z Rev
z Loc
z Ide
ress system) can also be locat
 
z Comparing archit
for a building: various egress designs can perform differently in 
emergency evacuations.  Some may lead to a shorte
some may prevent occupants to escape efficiently.  By reviewing the 
space clearing time in people movement, the possible tenable duration of 
a target space, two different configuration designs can be compared.  In 
the example of chapter 3, a circular corridor in the second floor is better 
than a double-loaded line corridor in the same floor if the fire starts from 
a small room, such as room R21. 
 
9.2 Model to Resolve the Desired Goals 
      In order to meet the requirements of resolving the desired goals, this study 
developed ESM to simulate the people movement in a building.  ESM is a network 
model consisting of stocks connec
compartments, such as rooms, corridors, hallways, stairs, landings and lobbies.  The 
flows represen
sa
ns in a dynamic or static blockage of evacuation in a building.  This model 
ulate the optimized evacuation, and the phased evacuation.  It is also 
racing the occupants in every compartment of the building at every time 
scribing the values of passages between compartments during simulation. 
e main functions of ESM: 
 
Simulate the occupant evacuation in a building. 
dict an ideal evacuation (no egress route blocked and no pre-movement 
e for the occupants). 
imate the phased evacuation (occupants with different pre
Consider the static blocking situations (such as earthquake) of different 
partments in an egress system during emergencies. 
mine the dynamic blocking situations (such as a fire incident) of different 
partments in an egress system during emergencies. 
ord the people changes at every compartment during evacuation. 
iew the clearing times of different compartments. 
ate the most threatening space of fire origin. 
ntify the most congested space of an egress system in one configuration 
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plan
z Compare different geometrical arrangements to review the strengths and 
 
9.3 Results 
      This
results of thi
: 
z 
z 
z A point of view, which considers a fire incident as dynamic blocking of 
ontains and space design requirements.  That 
will lead to different design fire characteristics between various 
r the prediction of smoke 
timation for various concentrations of combustion 
velopment for every kind of occupancy is 
 
z ystems in different 
cteristic 
ly form some standard 
ry in different occupancies.  
. 
weaknesses between various geometrical designs. 
of this Research 
 study proposed a concept and a method of building egress analysis.  The 
s research include 
Developed procedures to analyze the egress system of a plan. 
Proposed methods and the program to identify a target space in 
evacuation. 
the egress system. 
z A way to identify the threatening room of fire origin. 
z The main difference of people movement between a line-type and a 
circular-type corridor. 
z An occupant evacuation model (ESM). 
 
9.4 Future Directions 
      Although the thesis proposed a method to analyze an egress system in a 
building, there are still some future work, which is need to be accomplished: 
  
z Development of design fires for different occupancies: every kind of 
occupancy has its feature c
occupancies.  Design fire is the base fo
production and movement.  A reasonable development of design fire is 
the foundation of es
products, which can be used to calculate the tenable duration for any 
target space. Thus, proper de
the first step to appropriately predict the smoke movement inside a 
building. 
 Establishment of design guidelines for egress s
occupancy buildings:  various occupancies have their chara
demands in spaces and arrangements, which usual
types of floor layout or architectural geomet
By using the procedure presented in this research, the design guidelines 
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can propose safe egress patterns for reference, or present the dangerous 
s in modern buildings. 
sive consideration of tenable criteria: in this method, 
owever, a more adequate concern of tenable criteria 
should consider toxicity (CO, CO2, HCN or irritant gases), visibility 
oke layer 
he more accurate tenable duration can be estimated.  An 
T (Available Safety Evacuation Time), which is very    
 
z odel: an evacuation simulation model can also 
 People movement: occupants' speeds will not only depend on 
, but also on some factors such as age, gender, handicapped, 
 Behavioral responses or the way-finding delay in evacuation: 
 
      This
performance
can also be 
evaluated and then producing some fire protection measures.  If an egress system is 
ppropriately evaluated or designed, the victims during an emergency may decrease.  
 
 
 
 
 
situations, which include room of fire origins and congestion areas 
caused by inappropriate designs of egress route
 
z More comprehen
the tenable criteria chosen is the smoke layer height, which is direct and 
easy to handle.  H
(smoke obscuration, optical density), heat effect (sm
temperature, floor radiant heat flux).  The more tenable criteria 
concerned, t
appropriate prediction of tenable duration can result in a reasonable 
calculation of ASE
important in selecting the safety factor. 
People evacuation m
include: 
density
familiarity, visibility, mobility, social affiliation, or other physical 
and psychological abilities. 
response time or delay duration will affect the pre-movement time, 
which may decide the success of evacuation.   These two fields are 
still under improvements and need more mature results to enhance 
the accuracy of prediction.  If there is some achievement in the 
future, the inclusion of them will make ESM more applicable. 
 thesis plans to propose a method, which can be used to understand the 
 of a building egress system in emergencies.  The results of this method 
utilized in identifying the potential risk of the egress paths in the building 
a
 172
Bibliograph
[1] Allen, E
Egress, J
] Bryan, John L., The SFPE Handbook of Fire Protection Engineering (2nd Edition), 
Beh
[3] Chien, S
[4] Chubb, M
Symposi
in Fire, p
[5] Cote, Ar
Building
[6] Custer, R
Society 
1997, pp
7] Fire Safety Engineering in Buildings, British Standards Institution, DD 240 Part-1: 
Gui
[8] Fire Engineering Guidelines, Fire Code Reform Center, Australia, March 1996. 
[9] Fire Eng
Canterbury, N
[10] Fitzgerald, 
progress as ye
[11] Fitzger
Worcester Po
[12] Ghosh, Gre
Method, Mas
Studies, 1995
[13] Gwynne, S. sal of 
Computer Models Used in the Simulation of Evacuation from the Built 
Smoke Movement in Buildings, 1997, pp. 7-93~7-104. 
6] Kisko, T. M., Francis, R. L., EVACNET+: A Computer Program to Determine 
Optimal Building Evacuation Plans, Fire Safety Journal, pp. 211-220, Sep. 1985. 
7] Lathrop, J. K., NFPA Fire Protection Handbook 18th Edition, Concepts of Egress 
Design, pp. 8-31~8-50, 1997. 
y 
dward, Iano, Joseph, The Architect’s Studio Companion, Designing for 
ohn Wiley & Sons Inc., 1995, pp. 217~284. 
[2
avioral Response to Fire and Smoke, 1996, pp. 3-241~ 3-262. 
hen-Wen, Personal Communicaton. 
. D., Groner, N. E., Shephard, G., Proceeding of the First International 
um, A Hypothetical Cognitive Model for Understanding Human Behavior 
p. 203-212, 1998. 
thur E., Grant, Casey C., NFPA Fire Protection Handbook 18th Edition, 
 and Fire Codes and Standards, 1997, pp. 1-42~1-54. 
. L. P., Meacham, B. J., Introduction to Performance-Based Fire Safety, 
of Fire Protection Engineers and National Fire Protection Association, 
. 1-260. 
[
de to the application of fire safety engineering principles. 1996. 
ineering Design Guide, Center for Advanced Engineering, University of 
ew Zealand, July 1994. 
Robert W., The Anatomy of Building Fireasfety, vol. 2, work in 
t unpublished, 2000. 
ald, Robert W., Workbook: Building Firesafety Engineering Method, 
lytechnic Institute, Center for Firesafety Studies, March, 1993. 
gory, Lifesafety Analysis in the Building Firesafety Engineering 
ter Thesis, Worcester Polytechnic Institute, Center for Firesafety 
. 
, Galea, E. R., A Review of Methodologies and Critical Apprai
Environment, Society of Fire Protection Engineers, 1997, pp. 1-93. 
[14] Hartzell, Gordon E. Human Behavior in Fire, Proceeding of The First 
International Symposium, Engineering Analysis of Hazards to Life Safety in Fires: 
The Fire Effluent Toxicity Component, 1998, pp. 621-630. 
[15] Klote, John H., Nelson, Harlod E., NFPA Fire Protection Handbook 18th Edition, 
[1
[1
 173
[18] MacLennan, H. A., Regan, M. A., Ware, R., Proceeding of the First International 
bability of their occurrence, 
[19 re Performance, 
itute, Center for Firesafety Studies, 
[20
mergency Movement, 1996, pp. 3-286~ 3-295. 
p 130. 
[23
ss on the Decision Process during Fire Emergencies, 1998, pp. 
[24  (2nd Edition), 
of Fire Growth and Smoke Transport, 
te 1299. 
[28 eng, The Fire Evacuation Research of Public Buildings in Taiwan, 
[29
[31
. 
ure Center, (Japanese) 1992, pp. 1-277.  
Symposium, An Engineering Model for the Estimation of Occupant 
Pre-movement and or Response times and the Pro
1998, pp. 13-29. 
] Nadeau, D., Wojcik, M., The influence of Building Code on Fi
Master Thesis, Worcester Polytechnic Inst
1998. 
] Nelson, H. E., NacLennan, H. A., The SFPE Handbook of Fire Protection 
Engineering (2nd Edition), E
[21] New Architecture Fire Protection Guidelines (Language: Japanese), Japan 
Architecture Center, New Japan Codes Publication Inc., 1985, 
[22] NFPA 101, Life Safety Code, 1998. 
] Ozel, Filiz, Proceeding of the First International Symposium, The Role of Time 
Pressure and Stre
191-200. 
] Pauls, Jake, The SFPE Handbook of Fire Protection Engineering
Movement of People, 1996, pp. 3-263~ 3-285. 
[25] Peacock, R. D., Forney, G. P., Reneke, P. A., Portier, R. M., Jones, W. W., 
CFAST, the Consolidated Model 
Washington D.C.: U.S. Department of Commerce, National Institute of Standards 
and Technology, NIST Technical No
[26] Purser, D. A., The SFPE Handbook of Fire Protection Engineering (2nd Edition), 
Toxicity Assessment of combustion Products, 1996, pp. 2-85~2-146. 
[27] Regan, Mark A., Proceeding of the First International Symposium, A 
Comparison between Actual and Predicted Evacuation Times, 1998, pp. 461-468. 
] Shen, Tzu-Sh
Ding-Mou Publishing Ltd., Taipei, Taiwan, 1996, pp. 1-274. 
] Shields, T. J., Boyce, K. I., A Study from Evacuation from Large Retail Stores, 
Fire Safety Journal, July (35), 2000, pp. 25-49. 
[30] Skiena, S. S., The Algorithm Design Manual, Springer-Verlag, New York, 1997. 
] The BOCA National Building Code/1999, Country Club Hills, IL: Building 
Officials and Code Administrators, International, Inc., 1998
[32] Teagur, Paul E., NFPA Life Safety Handbook, Code Histories: Fires Influencing 
the Life Safety Code, 1997, pp. 935~945. 
[33] Tewarson, A., The SFPE Handbook of Fire Protection Engineering (2nd Edition), 
Generation of Heat and Chemical Compounds in Fires, 1996, pp. 3-54~3-124. 
[34] The Integrated Fire Protection Design Method, Vol. 3: the Safety Design Method 
of Evacuation, Japan Architect
 174
[35] Tzen-Ping Lee, A Research of Life Safety in the Underground Spaces, Master 
Thesis, Central Police University, Department of Fire Protection, 1997. 
] Zhao, Longde, 
 
[36 Human Behavior in Fire, Proceeding of The First International 
 
 
Symposium, A Methodology of Calculation the Risk to People in Building Fires, 
1998, pp. 401-410. 
 
 
 175
Chapter 8 Building Evaluation 
 
8.1 Introduction 
      This chapter demonstrates the technique of building egress evaluation.  Two 
examples will be illustrated to explain the static and dynamic analysis.  The first 
example is a 3-floor office building and the second one is a more complex structure, a 
CIB building.  In the office building example, a dynamic egress analysis will be 
made, while in the CIB building example, 8 scenarios will be assumed.  From 
scenario 1 to scenario 5 are static.  The others represent a dynamic situation.  This 
thesis focuses on the dynamic analysis.  Accordingly, readers can identify most of 
the examples are for dynamic analysis. 
 
8.2 Dynamic and Static Egress Analysis 
      Static routes evaluation implies the egress paths remain the same in the period 
of escape while dynamic egress analysis means an egress system will not maintain it 
original pattern during the time of evacuation.  That egress system keeps changing 
according to the emergency situations.  In a fire incident, the combustion products, 
especially the smoke, will transport to many compartments and give those spaces only 
a limit of time sections, which occupants can utilize to pass through those spaces.  In 
other words, parts of the egress system can only remain some time of tenable situation 
and will become untenable after a section of time.  This can result in a sequential 
blocking to an egress system.  Different parts of blocking to the egress routes will 
lead to various types of evacuation effects.  When some portions of escape routes are 
blocked, there may be some big trouble in the whole evacuation, a much longer time 
to escape or even no chance for some of the occupant to escape out of the building.  
Therefore, the dynamic consideration of blocking is very important to an egress 
system of a building. 
 
8.3 Example One 
      A 3-floor office building is demonstrated as an example.  Its floor plan and 
constructed ESM model are shown as Figure-8.3.1 and Figure-8.3.2. 
 
8.3.1 Egress Analysis Steps 
       Below are the steps to analyze the building egress: 
1. Assume the locations and numbers of building occupants: the initial 
locations and numbers of occupants are assumed as in Table-8.3.1.1. 
 
2. Prediction of People Movement: by running the ESM model constructed, 
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we can identify the occupant movement in an ideal evacuation (no blocking 
and no pre-movement) for that building. 
 
3. Identify the “sensitivities” of different target spaces: if we block the 
stair1, the total evacuation time is 243 seconds; if stair2 is blocked, then the 
total evacuation time becomes 246 seconds.  This indicates that the 
sensitivities of the two stairs are not great different.  
 
4. Develop the necessary information en ESM model needs: 
z Identify the Rooms of Fire Origin: in this building, if we 
consider the life safety of occupants, room of fire origin should be 
chosen in the first floor (block the means of egress on the first 
floor and the occupants will have longest travel distance to escape 
from this building).  In other way, if we examine the difficulty of 
fire fighting, then the room on the third floor will be a better 
choice.  In this case, a room on the second floor can be elected as 
the room of origin.  For the reason of demonstration, one room 
from every floor will be determined as a room of fire origin, so 
that the choice of target spaces can be used to explain their effects 
on means of egress.  In this example, the rooms of fire origin are 
room301, room201 and room101. 
z Identify the Target Spaces for Evaluation: if the room of fire 
origin is room301, then the target spaces should be the corridor of 
the third floor and the third floor portions of the two stairs on two 
sides (in the simulation of ESM, they are C31, S31 and S32).  In 
the case of fire starting from room201, the target spaces will be 
the corridor of the second floor and the second and third floor 
portions of the two stairs on two sides (in the simulation of ESM, 
they are C21, S31, S21, S22 and S32).  Provided that the fire 
ignites in the room101, then the target spaces are set to be corridor 
in the eastern side of the first floor (C12), the lobby (Lo11) and 
the two stairs (S11, S21, S31, S12, S22, S32). 
z Develop Design Fire Characteristics: because the occupancy of 
this building is office, this study tries to use the desk and sofa as 
the fuel packages to construct the design fires.  The full-scale fire 
test on desks and sofas performed by Madrzykowske and Vettori, 
will be adopted. Then use FPEtool’s FREEBURN routine will 
also be used to create heat release curves, which will be used to 
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import into the CFAST program for the prediction of smoke 
movement in a building. Three design fires are developed.  They 
are one desk with one sofa, two desks and 4 desks. 
z Choose the Tenability Criteria: in this study, the smoke layer 
height will be used as the tenability criteria because it is direct, 
conservative, and easy to handle.  In this case, 1.6m will be 
chosen as the criteria of tenable condition due to its about the 
height of nose for a person. 
z Determine the Tenable Duration: after running the CFAST 
program and choosing 1.6m of smoke layer height as the tenable 
criterion, the tenable duration of different compartments given 
various rooms of fire origin are shown as Table-8.3.12. 
 
5. Estimate the Allowable Pre-movement Time of Compartments with 
Occupants: the longer the allowable pre-movement time is, the better that 
compartment becomes.  In this office building, by comparing the tenable 
duration under different fire scenarios and the compartment clearing times 
of running the ESM model, the allowable pre-movement time, which means 
the maximum time one occupant have before he starts to escape, can then be 
estimated as in Table-8.3.1.2. 
 
6. Calculate the Safety Factor of Various Target Spaces: the pre-movement 
time is only for the compartments initially with occupants.  But the target 
spaces for evacuation are also the important enclosures for evaluation.  A 
safety factor (SF), which is defined as the tenable duration minus the 
compartment clearing time and divided by the latter, can be used to describe 
the evacuation safety of that space.  If SF is positive, it means the tenable 
duration of that target space is greater than its clearing time; if SF is 
negative, it represents the tenable duration can not afford enough time for 
occupants to pass through and stands for dangerous.  The greater the SF is, 
the safer that space becomes.  This study recommends use the least SF of 
all target spaces, given a room of fire origin and a design fire, as the 
evacuation safety index of that building.  In this example, the safety factors 
of target spaces are demonstrated in the shadow areas of Table-8.3.1.2.  
The number with a “*” means the least safety factor given a specific design 
fire and a room of fire origin.  From Table-8.3.1.2, we can identify that a 
4-Desk design fire has the least safety factor. 
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8.3.2 Analysis of Comparisons between Different Egress Designs 
     When the configuration of a floor is changed to another pattern, ESM can also 
be used to simulate people movement in a different layout design.  With the various 
output of another type of configuration from ESM, we can further analyze the 
strengths and weaknesses between two kinds of egress patterns. 
      If we change the corridor of the second floor to a circular pattern like the first 
floor, then the different table of pre-movement times and safety factors for various 
target spaces can be calculated (Table-8.3.2.1).  By comparing Table-8.3.1.2 and 
Table-8.3.2.1, some conclusions can be made: 
 
z The safety factors of stair1 (east) are smaller than stair2’s (west) in two 
tables.  This may due to stair1’s weaker smoke containing ability 
because the space volume of stari1 is smaller than that of stair2. 
z In a circular type of corridor, the floor clearing time is better than that 
of a line pattern.  However, the safety factors are not necessary to be 
greater for a circular configuration.  Another big issue we have to 
concern with is the room of fire origin: If the fire occurs in R21 (big 
room), the safety factors are better for the circular design of corridor.  
In the case that the fire starts from a small room (R22), the safety 
factors of a circular arrangement become worse, which implies the 
smoke of a smaller fire room will pollute the target spaces for 
occupants to evacuation earlier. 
 
      From the comparison above, we can understand that a circular type of corridor 
may have faster clearing time but another big issue is the consideration of room of fire 
origin, which may make the space of a circular corridor become untenable due to the 
faster pollution from fire origin to the corridor space.  Therefore, in a dynamic 
blocking of an egress system, the tenable duration for a critical space (target space) is 
very important. 
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Figure-8.3.1 Layout of the Example Building 
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Figure-8.3.2 ESM of the Example Building 
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Table-8.3.1.1 Initial Occupants and Clearing Time in Different Compartments of 
Example Building 
Floor Description Compartment Initial occupants Clearing Time 
(sec) 
1 South corridor C13 0 0 
1 North corridor C11 0 46 
1 East corridor C12 0 155 
1 Lobby Lo11 0 148 
1 Room 101 R11 72 44 
2 Corridor C21 0 74 
2 East stair S21 0 139 
2 West stair S22 0 131 
2 Room 201 R21 36 27 
2 Room 202 R22 34 63 
3 Corridor C31 0 74 
3 East stair S31 0 95 
3 West stair S32 0 71 
3 Room 301 R31 36 27 
3 Room 302 R32 16 22 
3 Room 303 R33 18 23 
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Table-8.3.1.2 Evaluation Results of the Example Building (Tenable Duration and 
Pre-movement time) 
Tenable Duration (sec) Allowable 
Pre-movement 
Time (sec) and 
Safety Factor 
Compartment & 
Target Spaces 
1D1S 2D 4D 
Compartment 
Clearing 
Time (sec) 
1D1S 2D 4D 
R31 115 110 90 27 88 83 63 
R32 290 289 217 22 268 267 195 
R33 300 300 225 23 277 277 202 
C31 186 170 145 74 *1.51 *1.30 *0.96 
S31 270 265 200 95 1.84 1.79 1.11 
ROO
: 
R301 
S32 300 300 225 71 3.23 3.23 2.17 
R21 140 130 102 27 113 103 75 
R22 330 305 245 63 267 242 182 
C21 205 185 146 74 1.77 1.50 0.97 
S21 310 287 233 139 *1.23 *1.06 *0.68 
S31 220 200 163 95 1.32 1.11 0.72 
S22 350 325 265 131 1.67 1.48 1.02 
ROO
: 
R201 
S32 230 210 170 71 2.24 1.96 1.39 
R11 155 140 110 44 111 96 66 
C11 236 215 170 46 4.13 3.67 2.70 
C12 247 213 170 155 *0.59 *0.37 *0.10 
C13 226 205 162 0    
Lo11 235 215 170 148 0.59 0.45 0.15 
S11 335 310 252 150 1.23 1.07 0.68 
S21 266 243 197 139 0.91 0.75 0.42 
S31 236 215 171 95 1.48 1.26 0.80 
S12 325 299 240 150 1.17 0.99 0.60 
S22 258 236 190 131 0.97 0.80 .45 
ROO
: 
R101 
S32 232 210 168 71 2.27 1.96 1.37 
 
   NOTE: * means the smallest safety factor given one design fire. 
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Table-8.3.2.1 Evaluation Results of Circular Corridor for the Second Floor 
Tenable Duration 
(sec) 
Allowable 
Pre-movement Time 
(sec) and Safety Factor 
Compartment & 
Target Spaces 
1D1S 2D 4D 
Compartment 
Clearing 
Time (sec) 
1D1S 2D 4D 
R21 152 136 109 36 116 100 73 
R22 327 303 247 20 307 283 227 
R23 298 274 224 17 281 257 207 
C21 245 224 179 41 4.98 4.46 3.37 
C22 236 215 173 67 2.52 2.21 1.58 
C23 224 204 166 0    
C24 238 217 175 72 2.31 2.01 1.43 
S21 334 310 254 131 *1.55 *1.37 *0.94 
S31 253 231 188 95 1.66 1.43 0.98 
S22 352 327 268 128 3.96 3.61 2.77 
ROO
: 
R201 
S32 259 237 193 71 2.65 2.34 1.72 
R21 285 265  36 249 229  
R22 44 39  20 24 19  
R23 219 199  17 202 182  
C21 172 155  41 3.20 2.78  
C22 156 140  67 1.33 1.09  
C23 170 151  0    
C24 196 176  72 1.72 1.44  
S21 258 238  131 0.97 0.82  
S31 177 159  95 *0.86 *0.67  
S22 340 320  128 1.66 1.50  
ROO
: 
R202 
S32 201 181  71 1.83 1.55  
 
   NOTE: 1." *" means the smallest safety factor given one design fire. 
         2. C21: north corridor;  
           C22: east corridor;  
           C23: south corridor;  
           C24: west corridor. 
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8.4 Example Two (an CIB Building) 
      In this section, a building, once used as the place for CIB workshop, will be 
used to demonstrate as an example to discuss it its egress system. [1]  The building is 
five floors and multi-uses.  (The floor plans are collected below)  There are 
mezznines above the ground level.  Its interior core consists of a concrete floor slab 
with reinforced concrete support columns.  This structure encloses different 
occupancies including bedrooms, offices, stores, eating areas and recreation spaces.  
There are four stairs in different directions from the ground floor to the fourth floor.  
Those stairs are the main exits for occupants in almost the floors except the ground 
one.  The exit routes above the ground floor are planned not to conflict with those in 
the ground floor.  The layouts and initial occupants of different compartments in this 
building are illustrated in appendix-1.  Figure-8.4.1 is the constructed ESM model 
for the CIB building.  Table-8.4.1 presents the initial occupants in different 
compartments.  In this model, because the scale and complex of the building is even 
more complicated than the previous one, some simplification will be made for this 
building.  The SCO objects will not be adopted in this model.  Most of the 
necessary information will be directly written in to the command line for different 
flows between spaces.  The pre-movement time and the tenable duration for target 
spaces will be designed into the variable command line, which is used for setting the 
calculation of a specific variable.  The occupant movement between two 
compartments will also be simplified by assuming that the walking speed is 1 m/s and 
not calculated from the density.  The model operation methods for various situations 
are explained in the following:  
 
z Target spaces: based on the conclusion of last section, this building has 
four stairs, which will be selected as the important spaces for the total 
evacuation of this structure.  In addition, the main corridors and the 
lobbies will also be determined as the critical compartments.  All the 
target spaces chosen are demonstrated in Table-8.4.2.1. 
z Ideal evacuation: simulate the evacuation with no pre-movement time 
consideration and not any component of the egress system blocked.  
(The pre-movement time of every compartment is set to zero.) 
z Phased evacuation: give the compartments different pre-movement time 
according to the scenarios assumed.  (The pre-movement times of 
relative spaces can be assumed to specific numbers based on the 
assumption.) 
z Tests of sensitivities between different egress paths: block one egress 
path at every simulation to compare the various “contribution” of that 
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path to the whole egress system.  (When block an egress path, the 
inflows and outflows of that path are set to be zero.) 
z Dynamic blocking: simulations of any egress path will become 
unavailable after the time when that space is polluted by smoke and 
reaches the tenable criteria.  (The inflows to any space at its tenable 
duration will set to be the opposite direction of the flow’s original one by 
using the function of TIME in STELLA.  The outflows of that space are 
set to zero after the tenable time of that space.  The tenable time can be 
obtained from the simulation of smoke movement.) 
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Appendix 1  A Program to Identify Target Spaces- 
 
Attribute VB_Name = "Module1" 
Public filenum As Integer 
Public indexnum As Integer 
Public editbolen As Boolean 
Public nodedata(0 To 200, 0 To 10) As String * 3 
Public newfilename As String 
Public oldfilename As String 
Public filename As String 
Public reccont As Integer 
Public nodearryp(200, 200) As Byte 
Public nodeprintcont As Integer 
 
 
 
 
 
 
Sub main() 
editbolen = False 
filenum = 1 
nodeprintcont = 0 
 
nodeForm1.Show 
 
End Sub 
  
Sub arry(datarecord As String) 
Dim indexp As Integer 
indexp = Val(Mid(datarecord, 1, 3)) 
 For i = 0 To 10 
     nodedata(indexp, i) = Mid(datarecord, i * 4 + 1, 3) 
 Next i 
End Sub 
 
Sub list1clear() 
Dim datarecord As String 
 1 
 nodeForm1.List1.Clear 
   nodeForm1.List1.AddItem "   Node_Number     Link_Node" 
   nodeForm1.itemdata = "Node-Data" + "  filename:" + filename 
   Close filenum 
   Open filename For Random As filenum 
   reccont = 0 
   'Get filenum, , datarecord 
      Do Until EOF(filenum) 
      Get filenum, , datarecord 
      nodeForm1.List1.AddItem "      " + Mid(datarecord, 1, 3) + "                   
" + Mid(datarecord, 5) 
      reccont = Val(Mid(datarecord, 1, 3)) 
       
   Loop 
   Close #filenum 
End Sub 
Sub arryclear() 
For i = 0 To 200 
    For j = 0 To 10 
    nodedata(i, j) = "   " 
    Next j 
Next i 
End Sub 
Sub nodedisplay() 
 
Dim nodelist, fistline As String 
Dim i, j, k, h As Integer 
Call list1clear 
nodeForm1.List1.Clear 
nodeForm1.itemdata = "          Adjacency Matrix  " + "  filename:" + 
filename 
'Printer.Orientation = 2 
For i = 1 To 200 
    For j = 1 To 200 
        nodearryp(i, j) = 0 
    Next j 
Next i 
fistline = " Node " 
 2 
For k = 0 To reccont 
    h = 1 
    fistline = fistline + Space(3) + Format(Str(k), "000") 
    Do While IsNumeric(nodedata(k, h)) 
           nodearryp(k, Val(nodedata(k, h))) = 1 
       h = h + 1 
    Loop 
Next k 
nodeForm1.List1.AddItem fistline 
'Printer.Print fistline 
For i = 0 To reccont 
    nodelist = Space(2) + Format(Str(i), "000") + Space(7) 
    For j = 0 To reccont 
    nodelist = nodelist + Format(Str(nodearryp(i, j)), "0") + Space(7) 
    Next j 
    nodeForm1.List1.AddItem nodelist 
    'Printer.Print nodelist 
    nodelist = "" 
Next i 
'Printer.EndDoc 
End Sub 
Sub printarry() 
Dim nodelist, fistline, datarecord As String 
Dim i, j, k, h As Integer 
Select Case nodeprintcont 
 Case 1 
   Printer.FontSize = 9 
   Printer.Orientation = 2 
   Printer.Print Space(60) + " Adjacency Matrix             filename:" + 
filename 
   Printer.FontUnderline = True 
   fistline = " node " 
   For k = 0 To reccont 
      fistline = fistline + Space(3) + Format(Str(k), "000") 
   Next k 
   Printer.Print fistline 
   Printer.FontUnderline = False 
   For i = 0 To reccont 
 3 
      nodelist = Space(2) + Format(Str(i), "000") + Space(7) 
      For j = 0 To reccont 
      nodelist = nodelist + Format(Str(nodearryp(i, j)), "0") + Space(7) 
      Next j 
      Printer.Print nodelist 
      nodelist = "" 
   Next i 
   Printer.EndDoc 
    
Case 2 
   Close #filenum + 1 
   Open filename + "output" For Input As #filenum + 1 
   Printer.FontSize = 14 
   Printer.Orientation = 2 
   Printer.Print "Node Deleted" + Space(15) + "Node(s) Affected " + Space(30) + 
"filename:" + filename + "output" 
   Printer.FontUnderline = True 
   fistline = " Node Deleted                  Node(s) Affected " 
   'Printer.FontUnderline = False 
   Do Until EOF(filenum + 1) 
      Input #filenum + 1, nodestring, notlinkstring 
      Printer.Print "     " + Format(nodestring, "000") + Space(27) + notlinkstring 
   Loop 
   Printer.FontUnderline = False 
   Printer.EndDoc 
   Close filenum + 1 
 
Case 3 
   Close #filenum + 2 
   Open filename + "keynode" For Input As #filenum + 2 
   Printer.FontSize = 14 
   Printer.Orientation = 2 
   Printer.Print "  keynode" + Space(15) + "Node(s) Affected " + Space(30) + 
"filename:" + filename + "keynode" 
   Printer.FontUnderline = True 
   fistline = " keynode                 Node(s) Affected " 
   'Printer.FontUnderline = False 
   Do Until EOF(filenum + 2) 
 4 
      Input #filenum + 2, nodestring, notlinkstring 
      Printer.Print "     " + Format(nodestring, "000") + Space(21) + notlinkstring 
   Loop 
   Printer.FontUnderline = False 
   Printer.EndDoc 
   Close #filenum + 2 
Case 4 
   Close #filenum 
   Open filename For Random As filenum + 4 
   Printer.FontSize = 14 
   Printer.Orientation = 2 
   Printer.Print "    Node  " + Space(15) + "Node-linked" + Space(30) + 
"filename:" + filename 
   Printer.FontUnderline = True 
   fistline = " Node                Node-linked  " 
    
   Do Until EOF(filenum + 4) 
      Get filenum + 4, , datarecord 
      i = 1 
      nodestring = "" 
      Do While IsNumeric(Mid(datarecord, i * 4 + 1, 3)) 
         nodestring = nodestring + Mid(datarecord, i * 4 + 1, 3) + "," 
         i = i + 1 
      Loop 
       
      Printer.Print "     " + Format(Mid(datarecord, 1, 3), "000") + Space(20) + 
nodestring 
   Loop 
   Printer.FontUnderline = False 
   Printer.EndDoc 
    
   Close #filenum + 4 
End Select 
nodeprintcont = 0 
End Sub 
Sub compute() 
Dim checkarry(200) As Byte 
Dim stackarry(2000) As Byte 
 5 
Dim i, j, k, h As Integer 
Dim outarry(200, 0 To 1) As String 
Dim sortarry1(200, 1) As String 
Dim lowstring0, lowstring1 As String 
Dim checknode(200) As Byte 
'Open filename + "node" For Output As #1 
checkarry(0) = 1 
For i = 1 To 200 
    checkarry(i) = 0 
    For j = 0 To 1 
        outarry(i, j) = "" 
    Next j 
Next i 
For i = 0 To 2000 
    stackarry(i) = 0 
Next i 
i = 1 
j = 1 
k = 1 
Do Until i > reccont 
   Do While IsNumeric(nodedata(0, j)) 
      stackarry(k) = Val(nodedata(0, j)) 
      j = j + 1 
      k = k + 1 
   Loop 
   Do Until k = 0 
      If stackarry(k) = i Or checkarry(stackarry(k)) = 1 Then 
         k = k - 1 
      Else 
         checkarry(stackarry(k)) = 1 
         j = 1 
         h = stackarry(k) 
         k = k - 1 
         Do While IsNumeric(nodedata(h, j)) 
            If checkarry(Val(nodedata(h, j))) = 0 Then 
                k = k + 1 
                stackarry(k) = Val(nodedata(h, j)) 
                j = j + 1 
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            Else 
                j = j + 1 
            End If 
         Loop 
       End If 
    Loop 
    outarry(i, 0) = Format(Str(i), "000") 
    For l = 1 To reccont 
        If checkarry(l) = 0 Then 
           outarry(i, 1) = outarry(i, 1) + Format(Str(l), "000") + "," 
        End If 
    Next l 
    checkarry(0) = 1 
    For m = 0 To 200 
       checkarry(m) = 0 
    Next m 
    i = i + 1 
    j = 1 
    k = 1 
Loop 
Open filename + "output" For Output As #1 
For l = 1 To reccont 
    Write #1, outarry(l, 0), outarry(l, 1) 
Next l 
Close #1 
 
Open filename + "output" For Input As #filenum + 2 
For i = 0 To 200 
   For j = 0 To 1 
      sortarry1(i, j) = "" 
   Next j 
Next i 
i = 1 
reccont1 = 0 
Do Until EOF(filenum + 2) 
   Input #filenum + 2, sortarry1(i, 0), sortarry1(i, 1) 
   reccont1 = reccont1 + 1 
   i = i + 1 
 7 
Loop 
i = 1 
Do Until i > reccont1 
   k = Len(sortarry1(i, 1)) 
   h = i 
   For j = i To reccont1 
       l = Len(sortarry1(j, 1)) 
       If k < l Then 
          h = j 
          k = l 
       End If 
    Next j 
    lowstring0 = sortarry1(i, 0) 
    lowstring1 = sortarry1(i, 1) 
    sortarry1(i, 0) = sortarry1(h, 0) 
    sortarry1(i, 1) = sortarry1(h, 1) 
    sortarry1(h, 0) = lowstring0 
    sortarry1(h, 1) = lowstring1 
    i = i + 1 
Loop 
Open "c:\tmp\tmpdata1" For Output As #filenum + 3 
For i = 1 To reccont1 
    Write #filenum + 3, sortarry1(i, 0), sortarry1(i, 1) 
Next i 
Close #filenum + 3 
For i = 1 To 200 
    checknode(i) = 0 
Next i 
Open "c:\tmp\tmpdata1" For Input As #filenum + 3 
Open filename + "keynode" For Output As #filenum + 4 
Do Until EOF(filenum + 3) 
   Input #filenum + 3, lowstring0, lowstring1 
   chknum = Val(lowstring0) 
   If checknode(chknum) = 0 Then 
      Write #filenum + 4, lowstring0, lowstring1 
      i = 0 
      Do While IsNumeric(Mid(lowstring1, i * 4 + 1, 3)) 
         checknode(Val(Mid(lowstring1, i * 4 + 1, 3))) = 1 
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         i = i + 1 
      Loop 
   End If 
Loop 
Close #1, filenum + 3, filenum + 4, filenum + 2 
MsgBox "Compute End" 
End Sub 
Sub allnodep1() 
Dim fistline, nodestring, notlinkstring As String 
nodeForm1.List1.Clear 
Open filename + "output" For Input As filenum + 1 
 
nodeForm1.itemdata = " " + "  filename:" + filename + "node" 
fistline = "Node Deleted       Node(s) Affected" 
nodeForm1.List1.AddItem fistline 
Do Until EOF(filenum + 1) 
   Input #filenum + 1, nodestring, notlinkstring 
   nodeForm1.List1.AddItem "    " + Format(nodestring, "000") + Space(14) + 
notlinkstring 
Loop 
Close #filenum + 1 
End Sub 
Sub computekey_test() 
Dim sortarry1(200, 1) As String 
Dim i, j, k, l, h As Integer 
Dim lowstring0, lowstring1 As String 
Dim checknode(200) As Byte 
 
Open filename + "output" For Input As #filenum + 2 
For i = 0 To 200 
   For j = 0 To 1 
      sortarry1(i, j) = "" 
   Next j 
Next i 
i = 1 
reccont1 = 0 
Do Until EOF(filenum + 2) 
   Input #filenum + 2, sortarry1(i, 0), sortarry1(i, 1) 
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   reccont1 = reccont1 + 1 
   i = i + 1 
Loop 
i = 1 
Do Until i > reccont1 
   k = Len(sortarry1(i, 1)) 
   h = i 
   For j = i To reccont1 
       l = Len(sortarry1(j, 1)) 
       If k < l Then 
          h = j 
          k = l 
       End If 
   Next j 
   lowstring0 = sortarry1(i, 0) 
   lowstring1 = sortarry1(i, 1) 
   sortarry1(i, 0) = sortarry1(h, 0) 
   sortarry1(i, 1) = sortarry1(h, 1) 
   sortarry1(h, 0) = lowstring0 
   sortarry1(h, 1) = lowstring1 
   i = i + 1 
Loop 
Open "c:\tmp\tmpdata1" For Output As #filenum + 3 
For i = 1 To reccont1 
    Write #filenum + 3, sortarry1(i, 0), sortarry1(i, 1) 
Next i 
Close #filenum + 3 
For i = 1 To 200 
    checknode(i) = 0 
Next i 
Open "c:\tmp\tmpdata1" For Input As #filenum + 3 
Open filename + "keynode" For Output As #filenum + 4 
Do Until EOF(filenum + 3) 
   Input #filenum + 3, lowstring0, lowstring1 
   chknum = Val(lowstring0) 
   If checknode(chknum) = 0 Then 
      Write #filenum + 4, lowstring0, lowstring1 
      i = 0 
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      Do While IsNumeric(Mid(lowstring1, i * 4 + 1, 3)) 
         checknode(Val(Mid(lowstring1, i * 4 + 1, 3))) = 1 
         i = i + 1 
      Loop 
   End If 
Loop 
Close #filenum + 3, #filenum + 4 
End Sub 
Sub nodedispkey() 
Dim fistline, nodestring, notlinkstring As String 
nodeForm1.List1.Clear 
Open filename + "keynode" For Input As filenum + 2 
nodeForm1.itemdata = "KeyNode_data " + "  filename:" + filename + "key" 
fistline = "keynode        Node(s) Affected" 
nodeForm1.List1.AddItem fistline 
Do Until EOF(filenum + 2) 
   Input #filenum + 2, nodestring, notlinkstring 
   nodeForm1.List1.AddItem "    " + Format(nodestring, "000") + Space(14) + 
notlinkstring 
Loop 
Close #filenum + 2 
End Sub 
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Appendix 2  ESM Codes of the CIB Building (No Blocked) 
 
c01(t) = c01(t - dt) + (r01c01 + r03c01 + r02c01 + r07c01 - c01s01 - c01d2 - c01d4 - 
c01c02) * dt 
INIT c01 = 0 
r01c01 = 2.2*1.3 
r03c01 = 1*1.3 
r02c01 = 1*1.3 
r07c01 = 6*1.3 
c01s01 = 2*1.3*s01_full 
c01d2 = 1*1.3 
c01d4 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
c02(t) = c02(t - dt) + (r010c02 + c01c02 + r09c02 + r08c02 - c02d7) * dt 
INIT c02 = 0 
r010c02 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
r09c02 = 2*1.3 
r08c02 = 1*1.3 
c02d7 = 1*1.3 
c11(t) = c11(t - dt) + (r11c11 + r12c11 - c11L11 - c11s12) * dt 
INIT c11 = 0 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r12c11 = DELAY(8*0.3*1.3,3,0) 
c11L11 = DELAY(fw_c11L11,9,0) 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
c21(t) = c21(t - dt) + (r22c21 + r23c21 + r24c21 + r25c21 + r26c21 + r27c21 + 
r28c21 - c21s21 - c21s22 - c21s23) * dt 
INIT c21 = 0 
r22c21 = DELAY(0.5*1.3,6,0) 
r23c21 = DELAY(0.5*1.3,4,0) 
r24c21 = DELAY(0.5*1.3,4,0) 
r25c21 = DELAY(0.5*1.3,2,0) 
r26c21 = DELAY(0.5*1.3,2,0) 
r27c21 = DELAY(0.5*1.3,2,0) 
r28c21 = DELAY(0.5*1.3,2,0) 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
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c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
c22(t) = c22(t - dt) + (r212c22 + r213c22 + r214c22 + r215c22 - c22s24 - c22s23) * dt 
INIT c22 = 0 
r212c22 = DELAY(0.5*1.3,5,0) 
r213c22 = DELAY(0.6*1.3,2,0) 
r214c22 = DELAY(0.6*1.3,2,0) 
r215c22 = DELAY(0.6*1.3,3,0) 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
c31(t) = c31(t - dt) + (r33c31 + r32c31 + r34c31 + r35c31 + r36c31 + r37c31 + 
r38c31 - c31s31 - c31s32 - c31s33) * dt 
INIT c31 = 0 
r33c31 = DELAY(0.5*1.3,4,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r34c31 = DELAY(0.5*1.3,4,0) 
r35c31 = DELAY(0.5*1.3,2,0) 
r36c31 = DELAY(0.5*1.3,2,0) 
r37c31 = DELAY(0.5*1.3,2,0) 
r38c31 = DELAY(0.5*1.3,2,0) 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
c32(t) = c32(t - dt) + (r310c32 + r311c32 + r313c32 + r312c32 + r314c32 - c32s34 - 
c32s33) * dt 
INIT c32 = 0 
r310c32 = DELAY(0.5*1.3,4,0) 
r311c32 = DELAY(0.5*1.3,3,0) 
r313c32 = DELAY(0.3*1.3,2,0) 
r312c32 = DELAY(0.6*1.3,2,0) 
r314c32 = DELAY(0.3*1.3,2,0) 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
c32s33 = DELAY(fw_c32s33,8,0) 
c41(t) = c41(t - dt) + (r41c41 + r42c41 + r43c41 - c41c42 - c41s41 - c41s43) * dt 
INIT c41 = 0 
r41c41 = DELAY(0.5*1.3,3,0) 
r42c41 = DELAY(0.3*1.3,3,0) 
r43c41 = DELAY(0.3*1.3,3,0) 
c41c42 = DELAY(fw_c41c42,6,0)*c41_c42_turn 
 13
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
c42(t) = c42(t - dt) + (c41c42 + r44c42 + r45c42 + r46c42 - c42s42) * dt 
INIT c42 = 0 
c41c42 = DELAY(fw_c41c42,6,0)*c41_c42_turn 
r44c42 = DELAY(0.3*1.3,2,0) 
r45c42 = DELAY(0.3*1.3,2,0) 
r46c42 = DELAY(1*1.3,5,0) 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
c43(t) = c43(t - dt) + (r48c43 + r49c43 + r410c43 + r412c43 - c43s43 - c43s44) * dt 
INIT c43 = 0 
r48c43 = DELAY(0.3*1.3,3,0) 
r49c43 = DELAY(0.3*1.3,4,0) 
r410c43 = DELAY(0.6*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
d1(t) = d1(t - dt) + (s01d01) * dt 
INIT d1 = 0 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
d2(t) = d2(t - dt) + (c01d2) * dt 
INIT d2 = 0 
c01d2 = 1*1.3 
d3(t) = d3(t - dt) + (s02d3) * dt 
INIT d3 = 0 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
d4(t) = d4(t - dt) + (c01d4) * dt 
INIT d4 = 0 
c01d4 = 1*1.3 
d5(t) = d5(t - dt) + (s03d5) * dt 
INIT d5 = 0 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
d6(t) = d6(t - dt) + (s04d6) * dt 
INIT d6 = 0 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
d7(t) = d7(t - dt) + (c02d7) * dt 
INIT d7 = 0 
c02d7 = 1*1.3 
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d8(t) = d8(t - dt) + (r07d8) * dt 
INIT d8 = 0 
r07d8 = 0.5*1.3 
L11(t) = L11(t - dt) + (c11L11 + r13L11 + L12L11 - L11s11) * dt 
INIT L11 = 0 
c11L11 = DELAY(fw_c11L11,9,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
L12L11 = DELAY(fw_L12L11,10,0) 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
L12(t) = L12(t - dt) + (r18L12 + r17L12 + r16_1L12 + r19L12 - L12s13 - L12L11) * 
dt 
INIT L12 = 20 
r18L12 = DELAY(05.*1.3,4,0) 
r17L12 = DELAY(0.5*1.3,6,0) 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r19L12 = DELAY(fw_r19L12,5,0) 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
L12L11 = DELAY(fw_L12L11,10,0) 
l21(t) = l21(t - dt) + (r29L21 + r210L21 + r211L21 - L21s23) * dt 
INIT l21 = 0 
r29L21 = IF(L21_full=1)THEN(0.5*1.3)ELSE(-0.5*1.3) 
r210L21 = IF(L21_full=1)THEN(0.5*1.3)ELSE(-0.5*1.3) 
r211L21 = IF(L21_full=1)THEN(0.5*1.3)ELSE(-0.5*1.3) 
L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
r01(t) = r01(t - dt) + (- r01c01) * dt 
INIT r01 = 16 
r01c01 = 2.2*1.3 
r010(t) = r010(t - dt) + (- r010c02) * dt 
INIT r010 = 20 
r010c02 = 1*1.3 
r02(t) = r02(t - dt) + (- r02c01) * dt 
INIT r02 = 20 
r02c01 = 1*1.3 
r03(t) = r03(t - dt) + (- r03c01) * dt 
INIT r03 = 20 
r03c01 = 1*1.3 
r04(t) = r04(t - dt) + (- r04r07) * dt 
INIT r04 = 0 
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r04r07 = 1*1.3 
r05(t) = r05(t - dt) + (r06r05 - r05r07) * dt 
INIT r05 = 5 
r06r05 = 0.5*1.3 
r05r07 = 1*1.3 
r06(t) = r06(t - dt) + (- r06r05) * dt 
INIT r06 = 10 
r06r05 = 0.5*1.3 
r07(t) = r07(t - dt) + (r05r07 + r04r07 - r07c01 - r07d8) * dt 
INIT r07 = 50 
r05r07 = 1*1.3 
r04r07 = 1*1.3 
r07c01 = 6*1.3 
r07d8 = 0.5*1.3 
r08(t) = r08(t - dt) + (- r08c02) * dt 
INIT r08 = 20 
r08c02 = 1*1.3 
r09(t) = r09(t - dt) + (- r09c02) * dt 
INIT r09 = 20 
r09c02 = 2*1.3 
r11(t) = r11(t - dt) + (- r11c11) * dt 
INIT r11 = 8 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r110(t) = r110(t - dt) + (- r110r19) * dt 
INIT r110 = 4 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r12(t) = r12(t - dt) + (- r12c11) * dt 
INIT r12 = 8 
r12c11 = DELAY(8*0.3*1.3,3,0) 
r13(t) = r13(t - dt) + (r14r13 + r15r13 - r13L11) * dt 
INIT r13 = 35 
r14r13 = DELAY(0.6*1.3,1,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
r14(t) = r14(t - dt) + (- r14r13) * dt 
INIT r14 = 2 
r14r13 = DELAY(0.6*1.3,1,0) 
r15(t) = r15(t - dt) + (r16r15 - r15r13) * dt 
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INIT r15 = 6 
r16r15 = DELAY(0.6*1.3,2,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r16(t) = r16(t - dt) + (- r16r15) * dt 
INIT r16 = 3 
r16r15 = DELAY(0.6*1.3,2,0) 
r16_1(t) = r16_1(t - dt) + (- r16_1L12) * dt 
INIT r16_1 = 2 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r17(t) = r17(t - dt) + (- r17s14 - r17L12) * dt 
INIT r17 = 40 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r17L12 = DELAY(0.5*1.3,6,0) 
r18(t) = r18(t - dt) + (- r18L12) * dt 
INIT r18 = 4 
r18L12 = DELAY(05.*1.3,4,0) 
r19(t) = r19(t - dt) + (r110r19 - r19s14 - r19L12) * dt 
INIT r19 = 0 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
r19L12 = DELAY(fw_r19L12,5,0) 
r21(t) = r21(t - dt) + (- r21r21) * dt 
INIT r21 = 2 
r21r21 = DELAY(0.6*1.3,2,0) 
r210(t) = r210(t - dt) + (r211_r210 - r210L21 - r210_r29) * dt 
INIT r210 = 90 
r211_r210 = DELAY(0.5*1.3,7,0) 
r210L21 = IF(L21_full=1)THEN(0.5*1.3)ELSE(-0.5*1.3) 
r210_r29 = DELAY(0.5*1.3,7,0) 
r211(t) = r211(t - dt) + (- r211L21 - r211_r210) * dt 
INIT r211 = 90 
r211L21 = IF(L21_full=1)THEN(0.5*1.3)ELSE(-0.5*1.3) 
r211_r210 = DELAY(0.5*1.3,7,0) 
r212(t) = r212(t - dt) + (- r212c22 - r212s24) * dt 
INIT r212 = 50 
r212c22 = DELAY(0.5*1.3,5,0) 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
r213(t) = r213(t - dt) + (- r213c22) * dt 
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INIT r213 = 6 
r213c22 = DELAY(0.6*1.3,2,0) 
r214(t) = r214(t - dt) + (- r214c22) * dt 
INIT r214 = 5 
r214c22 = DELAY(0.6*1.3,2,0) 
r215(t) = r215(t - dt) + (- r215c22) * dt 
INIT r215 = 2 
r215c22 = DELAY(0.6*1.3,3,0) 
r22(t) = r22(t - dt) + (r21r21 - r22c21) * dt 
INIT r22 = 10 
r21r21 = DELAY(0.6*1.3,2,0) 
r22c21 = DELAY(0.5*1.3,6,0) 
r23(t) = r23(t - dt) + (- r23c21) * dt 
INIT r23 = 6 
r23c21 = DELAY(0.5*1.3,4,0) 
r24(t) = r24(t - dt) + (- r24c21) * dt 
INIT r24 = 6 
r24c21 = DELAY(0.5*1.3,4,0) 
r25(t) = r25(t - dt) + (- r25c21) * dt 
INIT r25 = 5 
r25c21 = DELAY(0.5*1.3,2,0) 
r26(t) = r26(t - dt) + (- r26c21) * dt 
INIT r26 = 5 
r26c21 = DELAY(0.5*1.3,2,0) 
r27(t) = r27(t - dt) + (- r27c21) * dt 
INIT r27 = 5 
r27c21 = DELAY(0.5*1.3,2,0) 
r28(t) = r28(t - dt) + (- r28c21) * dt 
INIT r28 = 5 
r28c21 = DELAY(0.5*1.3,2,0) 
r29(t) = r29(t - dt) + (r210_r29 - r29L21 - r29_s21) * dt 
INIT r29 = 130 
r210_r29 = DELAY(0.5*1.3,7,0) 
r29L21 = IF(L21_full=1)THEN(0.5*1.3)ELSE(-0.5*1.3) 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
r31(t) = r31(t - dt) + (- r31r32) * dt 
INIT r31 = 2 
r31r32 = DELAY(fw_r31r32,2,0) 
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r310(t) = r310(t - dt) + (- r310c32) * dt 
INIT r310 = 5 
r310c32 = DELAY(0.5*1.3,4,0) 
r311(t) = r311(t - dt) + (- r311c32 - r311s34) * dt 
INIT r311 = 6 
r311c32 = DELAY(0.5*1.3,3,0) 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
r312(t) = r312(t - dt) + (- r312c32) * dt 
INIT r312 = 6 
r312c32 = DELAY(0.6*1.3,2,0) 
r313(t) = r313(t - dt) + (- r313c32) * dt 
INIT r313 = 3 
r313c32 = DELAY(0.3*1.3,2,0) 
r314(t) = r314(t - dt) + (- r314c32) * dt 
INIT r314 = 5 
r314c32 = DELAY(0.3*1.3,2,0) 
r32(t) = r32(t - dt) + (r31r32 - r32c31) * dt 
INIT r32 = 12 
r31r32 = DELAY(fw_r31r32,2,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r33(t) = r33(t - dt) + (- r33c31) * dt 
INIT r33 = 6 
r33c31 = DELAY(0.5*1.3,4,0) 
r34(t) = r34(t - dt) + (- r34c31) * dt 
INIT r34 = 6 
r34c31 = DELAY(0.5*1.3,4,0) 
r35(t) = r35(t - dt) + (- r35c31) * dt 
INIT r35 = 4 
r35c31 = DELAY(0.5*1.3,2,0) 
r36(t) = r36(t - dt) + (- r36c31) * dt 
INIT r36 = 4 
r36c31 = DELAY(0.5*1.3,2,0) 
r37(t) = r37(t - dt) + (- r37c31) * dt 
INIT r37 = 4 
r37c31 = DELAY(0.5*1.3,2,0) 
r38(t) = r38(t - dt) + (- r38c31) * dt 
INIT r38 = 4 
r38c31 = DELAY(0.5*1.3,2,0) 
 19
r39(t) = r39(t - dt) + (- r39s33 - r39_s31) * dt 
INIT r39 = 0 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
r41(t) = r41(t - dt) + (- r41c41) * dt 
INIT r41 = 10 
r41c41 = DELAY(0.5*1.3,3,0) 
r410(t) = r410(t - dt) + (- r410c43) * dt 
INIT r410 = 10 
r410c43 = DELAY(0.6*1.3,4,0) 
r411(t) = r411(t - dt) + (- r411r412) * dt 
INIT r411 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412(t) = r412(t - dt) + (r411r412 - r412c43) * dt 
INIT r412 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
r42(t) = r42(t - dt) + (- r42c41) * dt 
INIT r42 = 4 
r42c41 = DELAY(0.3*1.3,3,0) 
r43(t) = r43(t - dt) + (- r43c41) * dt 
INIT r43 = 4 
r43c41 = DELAY(0.3*1.3,3,0) 
r44(t) = r44(t - dt) + (- r44c42) * dt 
INIT r44 = 0 
r44c42 = DELAY(0.3*1.3,2,0) 
r45(t) = r45(t - dt) + (- r45c42) * dt 
INIT r45 = 0 
r45c42 = DELAY(0.3*1.3,2,0) 
r46(t) = r46(t - dt) + (- r46c42) * dt 
INIT r46 = 15 
r46c42 = DELAY(1*1.3,5,0) 
r47(t) = r47(t - dt) + (- r47s43 - Noname_1) * dt 
INIT r47 = 25 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
Noname_1 = DELAY(0.5*1.3,20,0) 
r48(t) = r48(t - dt) + (- r48c43) * dt 
INIT r48 = 10 
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r48c43 = DELAY(0.3*1.3,3,0) 
r49(t) = r49(t - dt) + (- r49c43) * dt 
INIT r49 = 2 
r49c43 = DELAY(0.3*1.3,4,0) 
s01(t) = s01(t - dt) + (c01s01 + s11s01 - s01d01) * dt 
INIT s01 = 0 
c01s01 = 2*1.3*s01_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
s02(t) = s02(t - dt) + (s12s02 - s02d3) * dt 
INIT s02 = 0 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
s03(t) = s03(t - dt) + (s13s03 - s03d5) * dt 
INIT s03 = 0 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
s04(t) = s04(t - dt) + (s14s04 - s04d6) * dt 
INIT s04 = 0 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
s11(t) = s11(t - dt) + (L11s11 + s21s11 - s11s01) * dt 
INIT s11 = 0 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s12(t) = s12(t - dt) + (c11s12 + s22s12 - s12s02) * dt 
INIT s12 = 0 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s13(t) = s13(t - dt) + (s23s13 + L12s13 - s13s03) * dt 
INIT s13 = 0 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s14(t) = s14(t - dt) + (r17s14 + r19s14 + s24s14 - s14s04) * dt 
INIT s14 = 0 
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r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s21(t) = s21(t - dt) + (c21s21 + s31s21 + r29_s21 - s21s11) * dt 
INIT s21 = 0 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s22(t) = s22(t - dt) + (c21s22 + s32s22 - s22s12) * dt 
INIT s22 = 0 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s23(t) = s23(t - dt) + (c21s23 + L21s23 + c22s23 + s33s23 - s23s13) * dt 
INIT s23 = 0 
c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
s33s23 = DELAY(0.8*1,20,0)*s23_full 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
s24(t) = s24(t - dt) + (r212s24 + c22s24 + s34s24 - s24s14) * dt 
INIT s24 = 0 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s31(t) = s31(t - dt) + (c31s31 + s41s31 + r39_s31 - s31s21) * dt 
INIT s31 = 0 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
s32(t) = s32(t - dt) + (c31s32 + s42s32 - s32s22) * dt 
INIT s32 = 0 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
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s32s22 = DELAY(0.8*1,16,0)*s22_full 
s33(t) = s33(t - dt) + (c31s33 + r39s33 + c32s33 + s43s33 - s33s23) * dt 
INIT s33 = 0 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
c32s33 = DELAY(fw_c32s33,8,0) 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
s33s23 = DELAY(0.8*1,20,0)*s23_full 
s34(t) = s34(t - dt) + (r311s34 + c32s34 + s44s34 - s34s24) * dt 
INIT s34 = 0 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s41(t) = s41(t - dt) + (c41s41 + Noname_1 - s41s31) * dt 
INIT s41 = 0 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
Noname_1 = DELAY(0.5*1.3,20,0) 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
s42(t) = s42(t - dt) + (c42s42 - s42s32) * dt 
INIT s42 = 0 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s43(t) = s43(t - dt) + (c41s43 + r47s43 + c43s43 - s43s33) * dt 
INIT s43 = 0 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
s44(t) = s44(t - dt) + (c43s44 - s44s34) * dt 
INIT s44 = 0 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
c41_c42_turn = IF(c41>c42)THEN(1)ELSE(-1) 
fw_c11L11 = IF(c11>0)THEN(1.3*1.3)ELSE(0) 
fw_c11s12 = IF(c11>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s21 = IF(c21>0)THEN(1*1.3)ELSE(0) 
fw_c21s22 = IF(c21>0)THEN(0.3*1.3)ELSE(0) 
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fw_c21s23 = IF(c21>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s23 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s24 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c31s31 = IF(c31>0)THEN(1*1.3)ELSE(0) 
fw_c31s32 = IF(c31>0)THEN(0.3*1.3)ELSE(0) 
fw_c31s33 = IF(c31>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s33 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s34 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c41c42 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s41 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s43 = IF(c41>0)THEN(0.5*1.3)ELSE(0) 
fw_c42s42 = IF(c42>0)THEN(0.3*1.3)ELSE(0) 
fw_c43s43 = IF(c43>0)THEN(0.5*1.3)ELSE(0) 
fw_c43s44 = IF(c43>0)THEN(1*1.3)ELSE(0) 
fw_L11s11 = IF(L11>0)THEN(1*1.3)ELSE(0) 
fw_L12L11 = IF(L12>L11)THEN(4*1.3)ELSE(-4*1.3) 
fw_L12s13 = IF(L12>0)THEN(1*1.3)ELSE(0) 
fw_L21s23 = IF(l21>0)THEN(1*1.3)ELSE(0) 
fw_r13L12 = IF(r13>0)THEN(0.5*1.3)ELSE(0) 
fw_r15r13 = IF(r15>0)THEN(0.3*1.3)ELSE(0) 
fw_r19L12 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r19s14 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r31r32 = IF(r31>0)THEN(0.6*1.3)ELSE(0) 
fw_r32c31 = IF(r32>0)THEN(1*1.3)ELSE(0) 
fw_r412c43 = IF(r412>0)THEN(0.3*1.3)ELSE(0) 
fw_s01 = IF(s01>0)THEN(1.5*1.3)ELSE(0) 
fw_s02 = IF(s02>0)THEN(0.5*1.5)ELSE(0) 
fw_s03 = IF(s03>0)THEN(2*1.3)ELSE(0) 
fw_s04 = IF(s04>0)THEN(1*1.3)ELSE(0) 
L21_full = IF(l21>43)THEN(0)ELSE(1) 
s01_full = IF(s01>44)THEN(0)ELSE(1) 
s02_full = IF(s02>14)THEN(0)ELSE(1) 
s03_full = IF(s03>22)THEN(0)ELSE(1) 
s04_full = IF(s04>28)THEN(0)ELSE(1) 
s11_full = IF(s11>37)THEN(0)ELSE(1) 
s12_full = IF(s12>14)THEN(0)ELSE(1) 
s13_full = IF(s13>39)THEN(0)ELSE(1) 
s14_full = IF(s14>29)THEN(0)ELSE(1) 
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s21_full = IF(s21>37)THEN(0)ELSE(1) 
s22_full = IF(s22>14)THEN(0)ELSE(1) 
s23_full = IF(s23>69)THEN(0)ELSE(1) 
s24_full = IF(s24>29)THEN(0)ELSE(1) 
s31_full = IF(s31>37)THEN(0)ELSE(1) 
s32_full = IF(s32>14)THEN(0)ELSE(1) 
s33_full = IF(s33>69)THEN(0)ELSE(1) 
s34_full = IF(s34>29)THEN(0)ELSE(1) 
s41_full = IF(s41>37)THEN(0)ELSE(1) 
s42_full = IF(s42>14)THEN(0)ELSE(1) 
s43_full = IF(s43>69)THEN(0)ELSE(1) 
s44_full = IF(s44>29)THEN(0)ELSE(1) 
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Appendix 3  ESM Codes of the CIB Building (Stair 1 Blocked) 
 
c01(t) = c01(t - dt) + (r01c01 + r03c01 + r02c01 + r07c01 - c01d2 - c01d4 - c01c02) * 
dt 
INIT c01 = 0 
r01c01 = 2.2*1.3 
r03c01 = 1*1.3 
r02c01 = 1*1.3 
r07c01 = 6*1.3 
c01d2 = 1*1.3 
c01d4 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
c02(t) = c02(t - dt) + (r010c02 + c01c02 + r09c02 + r08c02 - c02d7) * dt 
INIT c02 = 0 
r010c02 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
r09c02 = 2*1.3 
r08c02 = 1*1.3 
c02d7 = 1*1.3 
c11(t) = c11(t - dt) + (r11c11 + r12c11 - c11L11 - c11s12) * dt 
INIT c11 = 0 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r12c11 = DELAY(8*0.3*1.3,3,0) 
c11L11 = DELAY(fw_c11L11,9,0) 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
c21(t) = c21(t - dt) + (r22c21 + r23c21 + r24c21 + r25c21 + r26c21 + r27c21 + 
r28c21 - c21s22 - c21s23) * dt 
INIT c21 = 0 
r22c21 = DELAY(0.5*1.3,6,0) 
r23c21 = DELAY(0.5*1.3,4,0) 
r24c21 = DELAY(0.5*1.3,4,0) 
r25c21 = DELAY(0.5*1.3,2,0) 
r26c21 = DELAY(0.5*1.3,2,0) 
r27c21 = DELAY(0.5*1.3,2,0) 
r28c21 = DELAY(0.5*1.3,2,0) 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
c22(t) = c22(t - dt) + (r212c22 + r213c22 + r214c22 + r215c22 - c22s24 - c22s23) * dt 
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INIT c22 = 0 
r212c22 = DELAY(0.5*1.3,5,0) 
r213c22 = DELAY(0.6*1.3,2,0) 
r214c22 = DELAY(0.6*1.3,2,0) 
r215c22 = DELAY(0.6*1.3,3,0) 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
c31(t) = c31(t - dt) + (r33c31 + r32c31 + r34c31 + r35c31 + r36c31 + r37c31 + 
r38c31 - c31s32 - c31s33) * dt 
INIT c31 = 0 
r33c31 = DELAY(0.5*1.3,4,0) 
r32c31 = DELAY(0.5*1.3,5,0) 
r34c31 = DELAY(0.5*1.3,4,0) 
r35c31 = DELAY(0.5*1.3,2,0) 
r36c31 = DELAY(0.5*1.3,2,0) 
r37c31 = DELAY(0.5*1.3,2,0) 
r38c31 = DELAY(0.5*1.3,2,0) 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
c32(t) = c32(t - dt) + (r310c32 + r311c32 + r313c32 + r312c32 + r314c32 - c32s34 - 
c32s33) * dt 
INIT c32 = 0 
r310c32 = DELAY(0.5*1.3,4,0) 
r311c32 = DELAY(0.5*1.3,3,0) 
r313c32 = DELAY(0.3*1.3,2,0) 
r312c32 = DELAY(0.6*1.3,2,0) 
r314c32 = DELAY(0.3*1.3,2,0) 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
c32s33 = DELAY(fw_c32s33,8,0) 
c41(t) = c41(t - dt) + (r41c41 + r42c41 + r43c41 - c41c42 - c41s43) * dt 
INIT c41 = 0 
r41c41 = DELAY(0.5*1.3,3,0) 
r42c41 = DELAY(0.3*1.3,3,0) 
r43c41 = DELAY(0.3*1.3,3,0) 
c41c42 = DELAY(fw_c41c42,6,0)*c41c42_turn 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
c42(t) = c42(t - dt) + (c41c42 + r44c42 + r45c42 + r46c42 - c42s42) * dt 
INIT c42 = 0 
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c41c42 = DELAY(fw_c41c42,6,0)*c41c42_turn 
r44c42 = DELAY(0.3*1.3,2,0) 
r45c42 = DELAY(0.3*1.3,2,0) 
r46c42 = DELAY(1*1.3,5,0) 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
c43(t) = c43(t - dt) + (r48c43 + r49c43 + r410c43 + r412c43 - c43s43 - c43s44) * dt 
INIT c43 = 0 
r48c43 = DELAY(0.3*1.3,3,0) 
r49c43 = DELAY(0.3*1.3,4,0) 
r410c43 = DELAY(0.6*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
d1(t) = d1(t - dt) 
INIT d1 = 0 
d2(t) = d2(t - dt) + (c01d2) * dt 
INIT d2 = 0 
c01d2 = 1*1.3 
d3(t) = d3(t - dt) + (s02d3) * dt 
INIT d3 = 0 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
d4(t) = d4(t - dt) + (c01d4) * dt 
INIT d4 = 0 
c01d4 = 1*1.3 
d5(t) = d5(t - dt) + (s03d5) * dt 
INIT d5 = 0 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
d6(t) = d6(t - dt) + (s04d6) * dt 
INIT d6 = 0 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
d7(t) = d7(t - dt) + (c02d7) * dt 
INIT d7 = 0 
c02d7 = 1*1.3 
d8(t) = d8(t - dt) + (r07d8) * dt 
INIT d8 = 0 
r07d8 = 0.5*1.3 
L11(t) = L11(t - dt) + (c11L11 + r13L11 + L12L11) * dt 
INIT L11 = 0 
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c11L11 = DELAY(fw_c11L11,9,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
L12L11 = DELAY(fw_L12L11,10,0) 
L12(t) = L12(t - dt) + (r18L12 + r17L12 + r16_1L12 + r19L12 - L12s13 - L12L11) * 
dt 
INIT L12 = 20 
r18L12 = DELAY(05.*1.3,4,0) 
r17L12 = DELAY(0.5*1.3,6,0) 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r19L12 = DELAY(fw_r19L12,5,0) 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
L12L11 = DELAY(fw_L12L11,10,0) 
l21(t) = l21(t - dt) + (r29L21 + r210L21 + r211L21 - L21s23) * dt 
INIT l21 = 0 
r29L21 = DELAY(0.5*1.3,12,0)*L21_full 
r210L21 = DELAY(0.5*1.3,10,0)*L21_full 
r211L21 = DELAY(0.5*1.3,10,0)*L21_full 
L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
r01(t) = r01(t - dt) + (- r01c01) * dt 
INIT r01 = 16 
r01c01 = 2.2*1.3 
r010(t) = r010(t - dt) + (- r010c02) * dt 
INIT r010 = 20 
r010c02 = 1*1.3 
r02(t) = r02(t - dt) + (- r02c01) * dt 
INIT r02 = 20 
r02c01 = 1*1.3 
r03(t) = r03(t - dt) + (- r03c01) * dt 
INIT r03 = 20 
r03c01 = 1*1.3 
r04(t) = r04(t - dt) + (- r04r07) * dt 
INIT r04 = 0 
r04r07 = 1*1.3 
r05(t) = r05(t - dt) + (r06r05 - r05r07) * dt 
INIT r05 = 5 
r06r05 = 0.5*1.3 
r05r07 = 1*1.3 
r06(t) = r06(t - dt) + (- r06r05) * dt 
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INIT r06 = 10 
r06r05 = 0.5*1.3 
r07(t) = r07(t - dt) + (r05r07 + r04r07 - r07c01 - r07d8) * dt 
INIT r07 = 50 
r05r07 = 1*1.3 
r04r07 = 1*1.3 
r07c01 = 6*1.3 
r07d8 = 0.5*1.3 
r08(t) = r08(t - dt) + (- r08c02) * dt 
INIT r08 = 20 
r08c02 = 1*1.3 
r09(t) = r09(t - dt) + (- r09c02) * dt 
INIT r09 = 20 
r09c02 = 2*1.3 
r11(t) = r11(t - dt) + (- r11c11) * dt 
INIT r11 = 8 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r110(t) = r110(t - dt) + (- r110r19) * dt 
INIT r110 = 4 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r12(t) = r12(t - dt) + (- r12c11) * dt 
INIT r12 = 8 
r12c11 = DELAY(8*0.3*1.3,3,0) 
r13(t) = r13(t - dt) + (r14r13 + r15r13 - r13L11) * dt 
INIT r13 = 35 
r14r13 = DELAY(0.6*1.3,1,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
r14(t) = r14(t - dt) + (- r14r13) * dt 
INIT r14 = 2 
r14r13 = DELAY(0.6*1.3,1,0) 
r15(t) = r15(t - dt) + (r16r15 - r15r13) * dt 
INIT r15 = 6 
r16r15 = DELAY(0.6*1.3,2,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r16(t) = r16(t - dt) + (- r16r15) * dt 
INIT r16 = 3 
r16r15 = DELAY(0.6*1.3,2,0) 
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r16_1(t) = r16_1(t - dt) + (- r16_1L12) * dt 
INIT r16_1 = 2 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r17(t) = r17(t - dt) + (- r17s14 - r17L12) * dt 
INIT r17 = 40 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r17L12 = DELAY(0.5*1.3,6,0) 
r18(t) = r18(t - dt) + (- r18L12) * dt 
INIT r18 = 4 
r18L12 = DELAY(05.*1.3,4,0) 
r19(t) = r19(t - dt) + (r110r19 - r19s14 - r19L12) * dt 
INIT r19 = 0 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
r19L12 = DELAY(fw_r19L12,5,0) 
r21(t) = r21(t - dt) + (- r21r21) * dt 
INIT r21 = 2 
r21r21 = DELAY(0.6*1.3,2,0) 
r210(t) = r210(t - dt) + (r211_r210 - r210L21 - r210_r29) * dt 
INIT r210 = 90 
r211_r210 = DELAY(0.5*1.3,7,0) 
r210L21 = DELAY(0.5*1.3,10,0)*L21_full 
r210_r29 = DELAY(0.5*1.3,7,0) 
r211(t) = r211(t - dt) + (- r211L21 - r211_r210) * dt 
INIT r211 = 90 
r211L21 = DELAY(0.5*1.3,10,0)*L21_full 
r211_r210 = DELAY(0.5*1.3,7,0) 
r212(t) = r212(t - dt) + (- r212c22 - r212s24) * dt 
INIT r212 = 50 
r212c22 = DELAY(0.5*1.3,5,0) 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
r213(t) = r213(t - dt) + (- r213c22) * dt 
INIT r213 = 6 
r213c22 = DELAY(0.6*1.3,2,0) 
r214(t) = r214(t - dt) + (- r214c22) * dt 
INIT r214 = 5 
r214c22 = DELAY(0.6*1.3,2,0) 
r215(t) = r215(t - dt) + (- r215c22) * dt 
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INIT r215 = 2 
r215c22 = DELAY(0.6*1.3,3,0) 
r22(t) = r22(t - dt) + (r21r21 - r22c21) * dt 
INIT r22 = 10 
r21r21 = DELAY(0.6*1.3,2,0) 
r22c21 = DELAY(0.5*1.3,6,0) 
r23(t) = r23(t - dt) + (- r23c21) * dt 
INIT r23 = 6 
r23c21 = DELAY(0.5*1.3,4,0) 
r24(t) = r24(t - dt) + (- r24c21) * dt 
INIT r24 = 6 
r24c21 = DELAY(0.5*1.3,4,0) 
r25(t) = r25(t - dt) + (- r25c21) * dt 
INIT r25 = 5 
r25c21 = DELAY(0.5*1.3,2,0) 
r26(t) = r26(t - dt) + (- r26c21) * dt 
INIT r26 = 5 
r26c21 = DELAY(0.5*1.3,2,0) 
r27(t) = r27(t - dt) + (- r27c21) * dt 
INIT r27 = 5 
r27c21 = DELAY(0.5*1.3,2,0) 
r28(t) = r28(t - dt) + (- r28c21) * dt 
INIT r28 = 5 
r28c21 = DELAY(0.5*1.3,2,0) 
r29(t) = r29(t - dt) + (r210_r29 - r29L21) * dt 
INIT r29 = 130 
r210_r29 = DELAY(0.5*1.3,7,0) 
r29L21 = DELAY(0.5*1.3,12,0)*L21_full 
r31(t) = r31(t - dt) + (- r31r32) * dt 
INIT r31 = 2 
r31r32 = DELAY(fw_r31r32,2,0) 
r310(t) = r310(t - dt) + (- r310c32) * dt 
INIT r310 = 5 
r310c32 = DELAY(0.5*1.3,4,0) 
r311(t) = r311(t - dt) + (- r311c32 - r311s34) * dt 
INIT r311 = 6 
r311c32 = DELAY(0.5*1.3,3,0) 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
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r312(t) = r312(t - dt) + (- r312c32) * dt 
INIT r312 = 6 
r312c32 = DELAY(0.6*1.3,2,0) 
r313(t) = r313(t - dt) + (- r313c32) * dt 
INIT r313 = 3 
r313c32 = DELAY(0.3*1.3,2,0) 
r314(t) = r314(t - dt) + (- r314c32) * dt 
INIT r314 = 5 
r314c32 = DELAY(0.3*1.3,2,0) 
r32(t) = r32(t - dt) + (r31r32 - r32c31) * dt 
INIT r32 = 12 
r31r32 = DELAY(fw_r31r32,2,0) 
r32c31 = DELAY(0.5*1.3,5,0) 
r33(t) = r33(t - dt) + (- r33c31) * dt 
INIT r33 = 6 
r33c31 = DELAY(0.5*1.3,4,0) 
r34(t) = r34(t - dt) + (- r34c31) * dt 
INIT r34 = 6 
r34c31 = DELAY(0.5*1.3,4,0) 
r35(t) = r35(t - dt) + (- r35c31) * dt 
INIT r35 = 4 
r35c31 = DELAY(0.5*1.3,2,0) 
r36(t) = r36(t - dt) + (- r36c31) * dt 
INIT r36 = 4 
r36c31 = DELAY(0.5*1.3,2,0) 
r37(t) = r37(t - dt) + (- r37c31) * dt 
INIT r37 = 4 
r37c31 = DELAY(0.5*1.3,2,0) 
r38(t) = r38(t - dt) + (- r38c31) * dt 
INIT r38 = 4 
r38c31 = DELAY(0.5*1.3,2,0) 
r39(t) = r39(t - dt) + (- r39s33) * dt 
INIT r39 = 0 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
r41(t) = r41(t - dt) + (- r41c41) * dt 
INIT r41 = 10 
r41c41 = DELAY(0.5*1.3,3,0) 
r410(t) = r410(t - dt) + (- r410c43) * dt 
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INIT r410 = 10 
r410c43 = DELAY(0.6*1.3,4,0) 
r411(t) = r411(t - dt) + (- r411r412) * dt 
INIT r411 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412(t) = r412(t - dt) + (r411r412 - r412c43) * dt 
INIT r412 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
r42(t) = r42(t - dt) + (- r42c41) * dt 
INIT r42 = 4 
r42c41 = DELAY(0.3*1.3,3,0) 
r43(t) = r43(t - dt) + (- r43c41) * dt 
INIT r43 = 4 
r43c41 = DELAY(0.3*1.3,3,0) 
r44(t) = r44(t - dt) + (- r44c42) * dt 
INIT r44 = 0 
r44c42 = DELAY(0.3*1.3,2,0) 
r45(t) = r45(t - dt) + (- r45c42) * dt 
INIT r45 = 0 
r45c42 = DELAY(0.3*1.3,2,0) 
r46(t) = r46(t - dt) + (- r46c42) * dt 
INIT r46 = 15 
r46c42 = DELAY(1*1.3,5,0) 
r47(t) = r47(t - dt) + (- r47s43) * dt 
INIT r47 = 25 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
r48(t) = r48(t - dt) + (- r48c43) * dt 
INIT r48 = 10 
r48c43 = DELAY(0.3*1.3,3,0) 
r49(t) = r49(t - dt) + (- r49c43) * dt 
INIT r49 = 2 
r49c43 = DELAY(0.3*1.3,4,0) 
s02(t) = s02(t - dt) + (s12s02 - s02d3) * dt 
INIT s02 = 0 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
s03(t) = s03(t - dt) + (s13s03 - s03d5) * dt 
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INIT s03 = 0 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
s04(t) = s04(t - dt) + (s14s04 - s04d6) * dt 
INIT s04 = 0 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
s12(t) = s12(t - dt) + (c11s12 + s22s12 - s12s02) * dt 
INIT s12 = 0 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s13(t) = s13(t - dt) + (s23s13 + L12s13 - s13s03) * dt 
INIT s13 = 0 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s14(t) = s14(t - dt) + (r17s14 + r19s14 + s24s14 - s14s04) * dt 
INIT s14 = 0 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s22(t) = s22(t - dt) + (c21s22 + s32s22 - s22s12) * dt 
INIT s22 = 0 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s23(t) = s23(t - dt) + (c21s23 + L21s23 + c22s23 + s33s23 - s23s13) * dt 
INIT s23 = 0 
c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
s33s23 = DELAY(0.8*1,20,0)*s23_full 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
s24(t) = s24(t - dt) + (r212s24 + c22s24 + s34s24 - s24s14) * dt 
INIT s24 = 0 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
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c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s32(t) = s32(t - dt) + (c31s32 + s42s32 - s32s22) * dt 
INIT s32 = 0 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s33(t) = s33(t - dt) + (c31s33 + r39s33 + c32s33 + s43s33 - s33s23) * dt 
INIT s33 = 0 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
c32s33 = DELAY(fw_c32s33,8,0) 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
s33s23 = DELAY(0.8*1,20,0)*s23_full 
s34(t) = s34(t - dt) + (r311s34 + c32s34 + s44s34 - s34s24) * dt 
INIT s34 = 0 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s42(t) = s42(t - dt) + (c42s42 - s42s32) * dt 
INIT s42 = 0 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s43(t) = s43(t - dt) + (c41s43 + r47s43 + c43s43 - s43s33) * dt 
INIT s43 = 0 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
s44(t) = s44(t - dt) + (c43s44 - s44s34) * dt 
INIT s44 = 0 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
c41c42_turn = IF(c41>c42)THEN(1)ELSE(-1) 
fw_c11L11 = IF(c11>0)THEN(1.3*1.3)ELSE(0) 
fw_c11s12 = IF(c11>0)THEN(0.3*1.3)ELSE(0) 
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fw_c21s21 = IF(c21>0)THEN(1*1.3)ELSE(0) 
fw_c21s22 = IF(c21>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s23 = IF(c21>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s23 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s24 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c31s31 = IF(c31>0)THEN(1*1.3)ELSE(0) 
fw_c31s32 = IF(c31>0)THEN(0.3*1.3)ELSE(0) 
fw_c31s33 = IF(c31>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s33 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s34 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c41c42 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s41 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s43 = IF(c41>0)THEN(0.5*1.3)ELSE(0) 
fw_c42s42 = IF(c42>0)THEN(0.3*1.3)ELSE(0) 
fw_c43s43 = IF(c43>0)THEN(0.5*1.3)ELSE(0) 
fw_c43s44 = IF(c43>0)THEN(1*1.3)ELSE(0) 
fw_L11s11 = IF(L11>0)THEN(1*1.3)ELSE(0) 
fw_L12L11 = IF(L12>L11)THEN(4*1.3)ELSE(-4*1.3) 
fw_L12s13 = IF(L12>0)THEN(1*1.3)ELSE(0) 
fw_L21s23 = IF(l21>0)THEN(1*1.3)ELSE(0) 
fw_r13L12 = IF(r13>0)THEN(0.5*1.3)ELSE(0) 
fw_r15r13 = IF(r15>0)THEN(0.3*1.3)ELSE(0) 
fw_r19L12 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r19s14 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r31r32 = IF(r31>0)THEN(0.6*1.3)ELSE(0) 
fw_r412c43 = IF(r412>0)THEN(0.3*1.3)ELSE(0) 
fw_s02 = IF(s02>0)THEN(0.5*1.5)ELSE(0) 
fw_s03 = IF(s03>0)THEN(2*1.3)ELSE(0) 
fw_s04 = IF(s04>0)THEN(1*1.3)ELSE(0) 
L21_full = IF(l21>43)THEN(0)ELSE(1) 
s02_full = IF(s02>14)THEN(0)ELSE(1) 
s03_full = IF(s03>22)THEN(0)ELSE(1) 
s04_full = IF(s04>28)THEN(0)ELSE(1) 
s12_full = IF(s12>14)THEN(0)ELSE(1) 
s13_full = IF(s13>39)THEN(0)ELSE(1) 
s14_full = IF(s14>29)THEN(0)ELSE(1) 
s22_full = IF(s22>14)THEN(0)ELSE(1) 
s23_full = IF(s23>69)THEN(0)ELSE(1) 
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s24_full = IF(s24>29)THEN(0)ELSE(1) 
s32_full = IF(s32>14)THEN(0)ELSE(1) 
s33_full = IF(s33>69)THEN(0)ELSE(1) 
s34_full = IF(s34>29)THEN(0)ELSE(1) 
s42_full = IF(s42>14)THEN(0)ELSE(1) 
s43_full = IF(s43>69)THEN(0)ELSE(1) 
s44_full = IF(s44>29)THEN(0)ELSE(1) 
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Appendix 4  ESM Codes of the CIB Building (Stair 2 Blocked) 
 
c01(t) = c01(t - dt) + (r01c01 + r03c01 + r02c01 + r07c01 - c01s01 - c01d2 - c01d4 - 
c01c02) * dt 
INIT c01 = 0 
r01c01 = 2.2*1.3 
r03c01 = 1*1.3 
r02c01 = 1*1.3 
r07c01 = 6*1.3 
c01s01 = 2*1.3*s01_full 
c01d2 = 1*1.3 
c01d4 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
c02(t) = c02(t - dt) + (r010c02 + c01c02 + r09c02 + r08c02 - c02d7) * dt 
INIT c02 = 0 
r010c02 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
r09c02 = 2*1.3 
r08c02 = 1*1.3 
c02d7 = 1*1.3 
c11(t) = c11(t - dt) + (r11c11 + r12c11 - c11L11) * dt 
INIT c11 = 0 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r12c11 = DELAY(8*0.3*1.3,3,0) 
c11L11 = DELAY(fw_c11L11,9,0) 
c21(t) = c21(t - dt) + (r22c21 + r23c21 + r24c21 + r25c21 + r26c21 + r27c21 + 
r28c21 - c21s21 - c21s23) * dt 
INIT c21 = 0 
r22c21 = DELAY(0.5*1.3,6,0) 
r23c21 = DELAY(0.5*1.3,4,0) 
r24c21 = DELAY(0.5*1.3,4,0) 
r25c21 = DELAY(0.5*1.3,2,0) 
r26c21 = DELAY(0.5*1.3,2,0) 
r27c21 = DELAY(0.5*1.3,2,0) 
r28c21 = DELAY(0.5*1.3,2,0) 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
c22(t) = c22(t - dt) + (r212c22 + r213c22 + r214c22 + r215c22 - c22s24 - c22s23) * dt 
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INIT c22 = 0 
r212c22 = DELAY(0.5*1.3,5,0) 
r213c22 = DELAY(0.6*1.3,2,0) 
r214c22 = DELAY(0.6*1.3,2,0) 
r215c22 = DELAY(0.6*1.3,3,0) 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
c31(t) = c31(t - dt) + (r33c31 + r32c31 + r34c31 + r35c31 + r36c31 + r37c31 + 
r38c31 - c31s31 - c31s33) * dt 
INIT c31 = 0 
r33c31 = DELAY(0.5*1.3,4,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r34c31 = DELAY(0.5*1.3,4,0) 
r35c31 = DELAY(0.5*1.3,2,0) 
r36c31 = DELAY(0.5*1.3,2,0) 
r37c31 = DELAY(0.5*1.3,2,0) 
r38c31 = DELAY(0.5*1.3,2,0) 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
c32(t) = c32(t - dt) + (r310c32 + r311c32 + r313c32 + r312c32 + r314c32 - c32s34 - 
c32s33) * dt 
INIT c32 = 0 
r310c32 = DELAY(0.5*1.3,4,0) 
r311c32 = DELAY(0.5*1.3,3,0) 
r313c32 = DELAY(0.3*1.3,2,0) 
r312c32 = DELAY(0.6*1.3,2,0) 
r314c32 = DELAY(0.3*1.3,2,0) 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
c32s33 = DELAY(fw_c32s33,8,0) 
c41(t) = c41(t - dt) + (r41c41 + r42c41 + r43c41 + c42c41 - c41s41 - c41s43) * dt 
INIT c41 = 0 
r41c41 = DELAY(0.5*1.3,3,0) 
r42c41 = DELAY(0.3*1.3,3,0) 
r43c41 = DELAY(0.3*1.3,3,0) 
c42c41 = DELAY(fw_c42c41,4,0) 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
c42(t) = c42(t - dt) + (r44c42 + r45c42 + r46c42 - c42c41) * dt 
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INIT c42 = 0 
r44c42 = DELAY(0.3*1.3,2,0) 
r45c42 = DELAY(0.3*1.3,2,0) 
r46c42 = DELAY(1*1.3,5,0) 
c42c41 = DELAY(fw_c42c41,4,0) 
c43(t) = c43(t - dt) + (r48c43 + r49c43 + r410c43 + r412c43 - c43s43 - c43s44) * dt 
INIT c43 = 0 
r48c43 = DELAY(0.3*1.3,3,0) 
r49c43 = DELAY(0.3*1.3,4,0) 
r410c43 = DELAY(0.6*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
d1(t) = d1(t - dt) + (s01d01) * dt 
INIT d1 = 0 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
d2(t) = d2(t - dt) + (c01d2) * dt 
INIT d2 = 0 
c01d2 = 1*1.3 
d3(t) = d3(t - dt) 
INIT d3 = 0 
d4(t) = d4(t - dt) + (c01d4) * dt 
INIT d4 = 0 
c01d4 = 1*1.3 
d5(t) = d5(t - dt) + (s03d5) * dt 
INIT d5 = 0 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
d6(t) = d6(t - dt) + (s04d6) * dt 
INIT d6 = 0 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
d7(t) = d7(t - dt) + (c02d7) * dt 
INIT d7 = 0 
c02d7 = 1*1.3 
d8(t) = d8(t - dt) + (r07d8) * dt 
INIT d8 = 0 
r07d8 = 0.5*1.3 
L11(t) = L11(t - dt) + (c11L11 + r13L11 + L12L11 - L11s11) * dt 
INIT L11 = 0 
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c11L11 = DELAY(fw_c11L11,9,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
L12L11 = DELAY(fw_L12L11,10,0) 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
L12(t) = L12(t - dt) + (r18L12 + r17L12 + r16_1L12 + r19L12 - L12s13 - L12L11) * 
dt 
INIT L12 = 20 
r18L12 = DELAY(05.*1.3,4,0) 
r17L12 = DELAY(0.5*1.3,6,0) 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r19L12 = DELAY(fw_r19L12,5,0) 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
L12L11 = DELAY(fw_L12L11,10,0) 
l21(t) = l21(t - dt) + (r29L21 + r210L21 + r211L21 - L21s23) * dt 
INIT l21 = 0 
r29L21 = DELAY(0.5*1.3,12,0)*L21_full 
r210L21 = DELAY(0.5*1.3,10,0)*L21_full 
r211L21 = DELAY(0.5*1.3,10,0)*L21_full 
L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
r01(t) = r01(t - dt) + (- r01c01) * dt 
INIT r01 = 16 
r01c01 = 2.2*1.3 
r010(t) = r010(t - dt) + (- r010c02) * dt 
INIT r010 = 20 
r010c02 = 1*1.3 
r02(t) = r02(t - dt) + (- r02c01) * dt 
INIT r02 = 20 
r02c01 = 1*1.3 
r03(t) = r03(t - dt) + (- r03c01) * dt 
INIT r03 = 20 
r03c01 = 1*1.3 
r04(t) = r04(t - dt) + (- r04r07) * dt 
INIT r04 = 0 
r04r07 = 1*1.3 
r05(t) = r05(t - dt) + (r06r05 - r05r07) * dt 
INIT r05 = 5 
r06r05 = 0.5*1.3 
r05r07 = 1*1.3 
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r06(t) = r06(t - dt) + (- r06r05) * dt 
INIT r06 = 10 
r06r05 = 0.5*1.3 
r07(t) = r07(t - dt) + (r05r07 + r04r07 - r07c01 - r07d8) * dt 
INIT r07 = 50 
r05r07 = 1*1.3 
r04r07 = 1*1.3 
r07c01 = 6*1.3 
r07d8 = 0.5*1.3 
r08(t) = r08(t - dt) + (- r08c02) * dt 
INIT r08 = 20 
r08c02 = 1*1.3 
r09(t) = r09(t - dt) + (- r09c02) * dt 
INIT r09 = 20 
r09c02 = 2*1.3 
r11(t) = r11(t - dt) + (- r11c11) * dt 
INIT r11 = 8 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r110(t) = r110(t - dt) + (- r110r19) * dt 
INIT r110 = 4 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r12(t) = r12(t - dt) + (- r12c11) * dt 
INIT r12 = 8 
r12c11 = DELAY(8*0.3*1.3,3,0) 
r13(t) = r13(t - dt) + (r14r13 + r15r13 - r13L11) * dt 
INIT r13 = 35 
r14r13 = DELAY(0.6*1.3,1,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
r14(t) = r14(t - dt) + (- r14r13) * dt 
INIT r14 = 2 
r14r13 = DELAY(0.6*1.3,1,0) 
r15(t) = r15(t - dt) + (r16r15 - r15r13) * dt 
INIT r15 = 6 
r16r15 = DELAY(0.6*1.3,2,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r16(t) = r16(t - dt) + (- r16r15) * dt 
INIT r16 = 3 
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r16r15 = DELAY(0.6*1.3,2,0) 
r16_1(t) = r16_1(t - dt) + (- r16_1L12) * dt 
INIT r16_1 = 2 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r17(t) = r17(t - dt) + (- r17s14 - r17L12) * dt 
INIT r17 = 40 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r17L12 = DELAY(0.5*1.3,6,0) 
r18(t) = r18(t - dt) + (- r18L12) * dt 
INIT r18 = 4 
r18L12 = DELAY(05.*1.3,4,0) 
r19(t) = r19(t - dt) + (r110r19 - r19s14 - r19L12) * dt 
INIT r19 = 0 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
r19L12 = DELAY(fw_r19L12,5,0) 
r21(t) = r21(t - dt) + (- r21r21) * dt 
INIT r21 = 2 
r21r21 = DELAY(0.6*1.3,2,0) 
r210(t) = r210(t - dt) + (r211_r210 - r210L21 - r210_r29) * dt 
INIT r210 = 90 
r211_r210 = DELAY(0.5*1.3,7,0) 
r210L21 = DELAY(0.5*1.3,10,0)*L21_full 
r210_r29 = DELAY(0.5*1.3,7,0) 
r211(t) = r211(t - dt) + (- r211L21 - r211_r210) * dt 
INIT r211 = 90 
r211L21 = DELAY(0.5*1.3,10,0)*L21_full 
r211_r210 = DELAY(0.5*1.3,7,0) 
r212(t) = r212(t - dt) + (- r212c22 - r212s24) * dt 
INIT r212 = 50 
r212c22 = DELAY(0.5*1.3,5,0) 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
r213(t) = r213(t - dt) + (- r213c22) * dt 
INIT r213 = 6 
r213c22 = DELAY(0.6*1.3,2,0) 
r214(t) = r214(t - dt) + (- r214c22) * dt 
INIT r214 = 5 
r214c22 = DELAY(0.6*1.3,2,0) 
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r215(t) = r215(t - dt) + (- r215c22) * dt 
INIT r215 = 2 
r215c22 = DELAY(0.6*1.3,3,0) 
r22(t) = r22(t - dt) + (r21r21 - r22c21) * dt 
INIT r22 = 10 
r21r21 = DELAY(0.6*1.3,2,0) 
r22c21 = DELAY(0.5*1.3,6,0) 
r23(t) = r23(t - dt) + (- r23c21) * dt 
INIT r23 = 6 
r23c21 = DELAY(0.5*1.3,4,0) 
r24(t) = r24(t - dt) + (- r24c21) * dt 
INIT r24 = 6 
r24c21 = DELAY(0.5*1.3,4,0) 
r25(t) = r25(t - dt) + (- r25c21) * dt 
INIT r25 = 5 
r25c21 = DELAY(0.5*1.3,2,0) 
r26(t) = r26(t - dt) + (- r26c21) * dt 
INIT r26 = 5 
r26c21 = DELAY(0.5*1.3,2,0) 
r27(t) = r27(t - dt) + (- r27c21) * dt 
INIT r27 = 5 
r27c21 = DELAY(0.5*1.3,2,0) 
r28(t) = r28(t - dt) + (- r28c21) * dt 
INIT r28 = 5 
r28c21 = DELAY(0.5*1.3,2,0) 
r29(t) = r29(t - dt) + (r210_r29 - r29L21 - r29_s21) * dt 
INIT r29 = 130 
r210_r29 = DELAY(0.5*1.3,7,0) 
r29L21 = DELAY(0.5*1.3,12,0)*L21_full 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
r31(t) = r31(t - dt) + (- r31r32) * dt 
INIT r31 = 2 
r31r32 = DELAY(fw_r31r32,2,0) 
r310(t) = r310(t - dt) + (- r310c32) * dt 
INIT r310 = 5 
r310c32 = DELAY(0.5*1.3,4,0) 
r311(t) = r311(t - dt) + (- r311c32 - r311s34) * dt 
INIT r311 = 6 
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r311c32 = DELAY(0.5*1.3,3,0) 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
r312(t) = r312(t - dt) + (- r312c32) * dt 
INIT r312 = 6 
r312c32 = DELAY(0.6*1.3,2,0) 
r313(t) = r313(t - dt) + (- r313c32) * dt 
INIT r313 = 3 
r313c32 = DELAY(0.3*1.3,2,0) 
r314(t) = r314(t - dt) + (- r314c32) * dt 
INIT r314 = 5 
r314c32 = DELAY(0.3*1.3,2,0) 
r32(t) = r32(t - dt) + (r31r32 - r32c31) * dt 
INIT r32 = 12 
r31r32 = DELAY(fw_r31r32,2,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r33(t) = r33(t - dt) + (- r33c31) * dt 
INIT r33 = 6 
r33c31 = DELAY(0.5*1.3,4,0) 
r34(t) = r34(t - dt) + (- r34c31) * dt 
INIT r34 = 6 
r34c31 = DELAY(0.5*1.3,4,0) 
r35(t) = r35(t - dt) + (- r35c31) * dt 
INIT r35 = 4 
r35c31 = DELAY(0.5*1.3,2,0) 
r36(t) = r36(t - dt) + (- r36c31) * dt 
INIT r36 = 4 
r36c31 = DELAY(0.5*1.3,2,0) 
r37(t) = r37(t - dt) + (- r37c31) * dt 
INIT r37 = 4 
r37c31 = DELAY(0.5*1.3,2,0) 
r38(t) = r38(t - dt) + (- r38c31) * dt 
INIT r38 = 4 
r38c31 = DELAY(0.5*1.3,2,0) 
r39(t) = r39(t - dt) + (- r39s33 - r39_s31) * dt 
INIT r39 = 0 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
r41(t) = r41(t - dt) + (- r41c41) * dt 
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INIT r41 = 10 
r41c41 = DELAY(0.5*1.3,3,0) 
r410(t) = r410(t - dt) + (- r410c43) * dt 
INIT r410 = 10 
r410c43 = DELAY(0.6*1.3,4,0) 
r411(t) = r411(t - dt) + (- r411r412) * dt 
INIT r411 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412(t) = r412(t - dt) + (r411r412 - r412c43) * dt 
INIT r412 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
r42(t) = r42(t - dt) + (- r42c41) * dt 
INIT r42 = 4 
r42c41 = DELAY(0.3*1.3,3,0) 
r43(t) = r43(t - dt) + (- r43c41) * dt 
INIT r43 = 4 
r43c41 = DELAY(0.3*1.3,3,0) 
r44(t) = r44(t - dt) + (- r44c42) * dt 
INIT r44 = 0 
r44c42 = DELAY(0.3*1.3,2,0) 
r45(t) = r45(t - dt) + (- r45c42) * dt 
INIT r45 = 0 
r45c42 = DELAY(0.3*1.3,2,0) 
r46(t) = r46(t - dt) + (- r46c42) * dt 
INIT r46 = 15 
r46c42 = DELAY(1*1.3,5,0) 
r47(t) = r47(t - dt) + (- r47s43) * dt 
INIT r47 = 25 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
r48(t) = r48(t - dt) + (- r48c43) * dt 
INIT r48 = 10 
r48c43 = DELAY(0.3*1.3,3,0) 
r49(t) = r49(t - dt) + (- r49c43) * dt 
INIT r49 = 2 
r49c43 = DELAY(0.3*1.3,4,0) 
s01(t) = s01(t - dt) + (c01s01 + s11s01 - s01d01) * dt 
INIT s01 = 0 
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c01s01 = 2*1.3*s01_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
s03(t) = s03(t - dt) + (s13s03 - s03d5) * dt 
INIT s03 = 0 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
s04(t) = s04(t - dt) + (s14s04 - s04d6) * dt 
INIT s04 = 0 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
s11(t) = s11(t - dt) + (L11s11 + s21s11 - s11s01) * dt 
INIT s11 = 0 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s13(t) = s13(t - dt) + (s23s13 + L12s13 - s13s03) * dt 
INIT s13 = 0 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s14(t) = s14(t - dt) + (r17s14 + r19s14 + s24s14 - s14s04) * dt 
INIT s14 = 0 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s21(t) = s21(t - dt) + (c21s21 + s31s21 + r29_s21 - s21s11) * dt 
INIT s21 = 0 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s23(t) = s23(t - dt) + (c21s23 + L21s23 + c22s23 + s33s23 - s23s13) * dt 
INIT s23 = 0 
c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
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s33s23 = DELAY(0.8*1,20,0)*s23_full 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
s24(t) = s24(t - dt) + (r212s24 + c22s24 + s34s24 - s24s14) * dt 
INIT s24 = 0 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s31(t) = s31(t - dt) + (c31s31 + s41s31 + r39_s31 - s31s21) * dt 
INIT s31 = 0 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
s33(t) = s33(t - dt) + (c31s33 + r39s33 + c32s33 + s43s33 - s33s23) * dt 
INIT s33 = 0 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
c32s33 = DELAY(fw_c32s33,8,0) 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
s33s23 = DELAY(0.8*1,20,0)*s23_full 
s34(t) = s34(t - dt) + (r311s34 + c32s34 + s44s34 - s34s24) * dt 
INIT s34 = 0 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s41(t) = s41(t - dt) + (c41s41 - s41s31) * dt 
INIT s41 = 0 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
s43(t) = s43(t - dt) + (c41s43 + r47s43 + c43s43 - s43s33) * dt 
INIT s43 = 0 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
s44(t) = s44(t - dt) + (c43s44 - s44s34) * dt 
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INIT s44 = 0 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
fw_c11L11 = IF(c11>0)THEN(1.3*1.3)ELSE(0) 
fw_c11s12 = IF(c11>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s21 = IF(c21>0)THEN(1*1.3)ELSE(0) 
fw_c21s22 = IF(c21>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s23 = IF(c21>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s23 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s24 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c31s31 = IF(c31>0)THEN(1*1.3)ELSE(0) 
fw_c31s32 = IF(c31>0)THEN(0.3*1.3)ELSE(0) 
fw_c31s33 = IF(c31>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s33 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s34 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c41s41 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s43 = IF(c41>0)THEN(0.5*1.3)ELSE(0) 
fw_c42c41 = IF(c42>0)THEN(1*1.3)ELSE(0) 
fw_c43s43 = IF(c43>0)THEN(0.5*1.3)ELSE(0) 
fw_c43s44 = IF(c43>0)THEN(1*1.3)ELSE(0) 
fw_L11s11 = IF(L11>0)THEN(1*1.3)ELSE(0) 
fw_L12L11 = IF(L12>L11)THEN(4*1.3)ELSE(-4*1.3) 
fw_L12s13 = IF(L12>0)THEN(1*1.3)ELSE(0) 
fw_L21s23 = IF(l21>0)THEN(1*1.3)ELSE(0) 
fw_r13L12 = IF(r13>0)THEN(0.5*1.3)ELSE(0) 
fw_r15r13 = IF(r15>0)THEN(0.3*1.3)ELSE(0) 
fw_r19L12 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r19s14 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r31r32 = IF(r31>0)THEN(0.6*1.3)ELSE(0) 
fw_r32c31 = IF(r32>0)THEN(1*1.3)ELSE(0) 
fw_r412c43 = IF(r412>0)THEN(0.3*1.3)ELSE(0) 
fw_s01 = IF(s01>0)THEN(1.5*1.3)ELSE(0) 
fw_s03 = IF(s03>0)THEN(2*1.3)ELSE(0) 
fw_s04 = IF(s04>0)THEN(1*1.3)ELSE(0) 
L21_full = IF(l21>43)THEN(0)ELSE(1) 
s01_full = IF(s01>44)THEN(0)ELSE(1) 
s03_full = IF(s03>22)THEN(0)ELSE(1) 
s04_full = IF(s04>28)THEN(0)ELSE(1) 
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s11_full = IF(s11>37)THEN(0)ELSE(1) 
s13_full = IF(s13>39)THEN(0)ELSE(1) 
s14_full = IF(s14>29)THEN(0)ELSE(1) 
s21_full = IF(s21>37)THEN(0)ELSE(1) 
s23_full = IF(s23>69)THEN(0)ELSE(1) 
s24_full = IF(s24>29)THEN(0)ELSE(1) 
s31_full = IF(s31>37)THEN(0)ELSE(1) 
s33_full = IF(s33>69)THEN(0)ELSE(1) 
s34_full = IF(s34>29)THEN(0)ELSE(1) 
s41_full = IF(s41>37)THEN(0)ELSE(1) 
s43_full = IF(s43>69)THEN(0)ELSE(1) 
s44_full = IF(s44>29)THEN(0)ELSE(1) 
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Appendix 5  ESM Codes of the CIB Building (Stair 3 Blocked) 
 
c01(t) = c01(t - dt) + (r01c01 + r03c01 + r02c01 + r07c01 - c01s01 - c01d2 - c01d4 - 
c01c02) * dt 
INIT c01 = 0 
r01c01 = 2.2*1.3 
r03c01 = 1*1.3 
r02c01 = 1*1.3 
r07c01 = 6*1.3 
c01s01 = 2*1.3*s01_full 
c01d2 = 1*1.3 
c01d4 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
c02(t) = c02(t - dt) + (r010c02 + c01c02 + r09c02 + r08c02 - c02d7) * dt 
INIT c02 = 0 
r010c02 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
r09c02 = 2*1.3 
r08c02 = 1*1.3 
c02d7 = 1*1.3 
c11(t) = c11(t - dt) + (r11c11 + r12c11 - c11L11 - c11s12) * dt 
INIT c11 = 0 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r12c11 = DELAY(8*0.3*1.3,3,0) 
c11L11 = DELAY(fw_c11L11,9,0) 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
c21(t) = c21(t - dt) + (r22c21 + r23c21 + r24c21 + r25c21 + r26c21 + r27c21 + 
r28c21 - c21s21 - c21s22) * dt 
INIT c21 = 0 
r22c21 = DELAY(0.5*1.3,6,0) 
r23c21 = DELAY(0.5*1.3,4,0) 
r24c21 = DELAY(0.5*1.3,4,0) 
r25c21 = DELAY(0.5*1.3,2,0) 
r26c21 = DELAY(0.5*1.3,2,0) 
r27c21 = DELAY(0.5*1.3,2,0) 
r28c21 = DELAY(0.5*1.3,2,0) 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
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c22(t) = c22(t - dt) + (r212c22 + r213c22 + r214c22 + r215c22 - c22s24) * dt 
INIT c22 = 0 
r212c22 = DELAY(0.5*1.3,5,0) 
r213c22 = DELAY(0.6*1.3,2,0) 
r214c22 = DELAY(0.6*1.3,2,0) 
r215c22 = DELAY(0.6*1.3,3,0) 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
c31(t) = c31(t - dt) + (r33c31 + r32c31 + r34c31 + r35c31 + r36c31 + r37c31 + 
r38c31 - c31s31 - c31s32) * dt 
INIT c31 = 0 
r33c31 = DELAY(0.5*1.3,4,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r34c31 = DELAY(0.5*1.3,4,0) 
r35c31 = DELAY(0.5*1.3,2,0) 
r36c31 = DELAY(0.5*1.3,2,0) 
r37c31 = DELAY(0.5*1.3,2,0) 
r38c31 = DELAY(0.5*1.3,2,0) 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
c32(t) = c32(t - dt) + (r310c32 + r311c32 + r313c32 + r312c32 + r314c32 - c32s34) * 
dt 
INIT c32 = 0 
r310c32 = DELAY(0.5*1.3,4,0) 
r311c32 = DELAY(0.5*1.3,3,0) 
r313c32 = DELAY(0.3*1.3,2,0) 
r312c32 = DELAY(0.6*1.3,2,0) 
r314c32 = DELAY(0.3*1.3,2,0) 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
c41(t) = c41(t - dt) + (r41c41 + r42c41 + r43c41 - c41c42 - c41s41) * dt 
INIT c41 = 0 
r41c41 = DELAY(0.5*1.3,3,0) 
r42c41 = DELAY(0.3*1.3,3,0) 
r43c41 = DELAY(0.3*1.3,3,0) 
c41c42 = DELAY(fw_c41c42,6,0)*c41c42_turn 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
c42(t) = c42(t - dt) + (c41c42 + r44c42 + r45c42 + r46c42 - c42s42) * dt 
INIT c42 = 0 
c41c42 = DELAY(fw_c41c42,6,0)*c41c42_turn 
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r44c42 = DELAY(0.3*1.3,2,0) 
r45c42 = DELAY(0.3*1.3,2,0) 
r46c42 = DELAY(1*1.3,5,0) 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
c43(t) = c43(t - dt) + (r48c43 + r49c43 + r410c43 + r412c43 - c43s44) * dt 
INIT c43 = 0 
r48c43 = DELAY(0.3*1.3,3,0) 
r49c43 = DELAY(0.3*1.3,4,0) 
r410c43 = DELAY(0.6*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
d1(t) = d1(t - dt) + (s01d01) * dt 
INIT d1 = 0 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
d2(t) = d2(t - dt) + (c01d2) * dt 
INIT d2 = 0 
c01d2 = 1*1.3 
d3(t) = d3(t - dt) + (s02d3) * dt 
INIT d3 = 0 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
d4(t) = d4(t - dt) + (c01d4) * dt 
INIT d4 = 0 
c01d4 = 1*1.3 
d5(t) = d5(t - dt) 
INIT d5 = 0 
d6(t) = d6(t - dt) + (s04d6) * dt 
INIT d6 = 0 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
d7(t) = d7(t - dt) + (c02d7) * dt 
INIT d7 = 0 
c02d7 = 1*1.3 
d8(t) = d8(t - dt) + (r07d8) * dt 
INIT d8 = 0 
r07d8 = 0.5*1.3 
L11(t) = L11(t - dt) + (c11L11 + r13L11 + L12L11 - L11s11) * dt 
INIT L11 = 0 
c11L11 = DELAY(fw_c11L11,9,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
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L12L11 = DELAY(fw_L12L11,10,0) 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
L12(t) = L12(t - dt) + (r18L12 + r17L12 + r16_1L12 + r19L12 - L12L11) * dt 
INIT L12 = 20 
r18L12 = DELAY(05.*1.3,4,0) 
r17L12 = DELAY(0.5*1.3,6,0) 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r19L12 = DELAY(fw_r19L12,5,0) 
L12L11 = DELAY(fw_L12L11,10,0) 
l21(t) = l21(t - dt) + (r210L21 + r211L21 - L21r29) * dt 
INIT l21 = 0 
r210L21 = DELAY(0.5*1.3,6,0) 
r211L21 = DELAY(0.5*1.3,6,0) 
L21r29 = DELAY(fw_L21r29,4,0) 
r01(t) = r01(t - dt) + (- r01c01) * dt 
INIT r01 = 16 
r01c01 = 2.2*1.3 
r010(t) = r010(t - dt) + (- r010c02) * dt 
INIT r010 = 20 
r010c02 = 1*1.3 
r02(t) = r02(t - dt) + (- r02c01) * dt 
INIT r02 = 20 
r02c01 = 1*1.3 
r03(t) = r03(t - dt) + (- r03c01) * dt 
INIT r03 = 20 
r03c01 = 1*1.3 
r04(t) = r04(t - dt) + (- r04r07) * dt 
INIT r04 = 0 
r04r07 = 1*1.3 
r05(t) = r05(t - dt) + (r06r05 - r05r07) * dt 
INIT r05 = 5 
r06r05 = 0.5*1.3 
r05r07 = 1*1.3 
r06(t) = r06(t - dt) + (- r06r05) * dt 
INIT r06 = 10 
r06r05 = 0.5*1.3 
r07(t) = r07(t - dt) + (r05r07 + r04r07 - r07c01 - r07d8) * dt 
INIT r07 = 50 
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r05r07 = 1*1.3 
r04r07 = 1*1.3 
r07c01 = 6*1.3 
r07d8 = 0.5*1.3 
r08(t) = r08(t - dt) + (- r08c02) * dt 
INIT r08 = 20 
r08c02 = 1*1.3 
r09(t) = r09(t - dt) + (- r09c02) * dt 
INIT r09 = 20 
r09c02 = 2*1.3 
r11(t) = r11(t - dt) + (- r11c11) * dt 
INIT r11 = 8 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r110(t) = r110(t - dt) + (- r110r19) * dt 
INIT r110 = 4 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r12(t) = r12(t - dt) + (- r12c11) * dt 
INIT r12 = 8 
r12c11 = DELAY(8*0.3*1.3,3,0) 
r13(t) = r13(t - dt) + (r14r13 + r15r13 - r13L11) * dt 
INIT r13 = 35 
r14r13 = DELAY(0.6*1.3,1,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
r14(t) = r14(t - dt) + (- r14r13) * dt 
INIT r14 = 2 
r14r13 = DELAY(0.6*1.3,1,0) 
r15(t) = r15(t - dt) + (r16r15 - r15r13) * dt 
INIT r15 = 6 
r16r15 = DELAY(0.6*1.3,2,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r16(t) = r16(t - dt) + (- r16r15) * dt 
INIT r16 = 3 
r16r15 = DELAY(0.6*1.3,2,0) 
r16_1(t) = r16_1(t - dt) + (- r16_1L12) * dt 
INIT r16_1 = 2 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r17(t) = r17(t - dt) + (- r17s14 - r17L12) * dt 
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INIT r17 = 40 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r17L12 = DELAY(0.5*1.3,6,0) 
r18(t) = r18(t - dt) + (- r18L12) * dt 
INIT r18 = 4 
r18L12 = DELAY(05.*1.3,4,0) 
r19(t) = r19(t - dt) + (r110r19 - r19s14 - r19L12) * dt 
INIT r19 = 0 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
r19L12 = DELAY(fw_r19L12,5,0) 
r21(t) = r21(t - dt) + (- r21r21) * dt 
INIT r21 = 2 
r21r21 = DELAY(0.6*1.3,2,0) 
r210(t) = r210(t - dt) + (r211_r210 - r210L21 - r210_r29) * dt 
INIT r210 = 90 
r211_r210 = DELAY(0.5*1.3,7,0) 
r210L21 = DELAY(0.5*1.3,6,0) 
r210_r29 = DELAY(0.5*1.3,7,0) 
r211(t) = r211(t - dt) + (- r211L21 - r211_r210) * dt 
INIT r211 = 90 
r211L21 = DELAY(0.5*1.3,6,0) 
r211_r210 = DELAY(0.5*1.3,7,0) 
r212(t) = r212(t - dt) + (- r212c22 - r212s24) * dt 
INIT r212 = 50 
r212c22 = DELAY(0.5*1.3,5,0) 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
r213(t) = r213(t - dt) + (- r213c22) * dt 
INIT r213 = 6 
r213c22 = DELAY(0.6*1.3,2,0) 
r214(t) = r214(t - dt) + (- r214c22) * dt 
INIT r214 = 5 
r214c22 = DELAY(0.6*1.3,2,0) 
r215(t) = r215(t - dt) + (- r215c22) * dt 
INIT r215 = 2 
r215c22 = DELAY(0.6*1.3,3,0) 
r22(t) = r22(t - dt) + (r21r21 - r22c21) * dt 
INIT r22 = 10 
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r21r21 = DELAY(0.6*1.3,2,0) 
r22c21 = DELAY(0.5*1.3,6,0) 
r23(t) = r23(t - dt) + (- r23c21) * dt 
INIT r23 = 6 
r23c21 = DELAY(0.5*1.3,4,0) 
r24(t) = r24(t - dt) + (- r24c21) * dt 
INIT r24 = 6 
r24c21 = DELAY(0.5*1.3,4,0) 
r25(t) = r25(t - dt) + (- r25c21) * dt 
INIT r25 = 5 
r25c21 = DELAY(0.5*1.3,2,0) 
r26(t) = r26(t - dt) + (- r26c21) * dt 
INIT r26 = 5 
r26c21 = DELAY(0.5*1.3,2,0) 
r27(t) = r27(t - dt) + (- r27c21) * dt 
INIT r27 = 5 
r27c21 = DELAY(0.5*1.3,2,0) 
r28(t) = r28(t - dt) + (- r28c21) * dt 
INIT r28 = 5 
r28c21 = DELAY(0.5*1.3,2,0) 
r29(t) = r29(t - dt) + (r210_r29 + L21r29 - r29_s21) * dt 
INIT r29 = 130 
r210_r29 = DELAY(0.5*1.3,7,0) 
L21r29 = DELAY(fw_L21r29,4,0) 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
r31(t) = r31(t - dt) + (- r31r32) * dt 
INIT r31 = 2 
r31r32 = DELAY(fw_r31r32,2,0) 
r310(t) = r310(t - dt) + (- r310c32) * dt 
INIT r310 = 5 
r310c32 = DELAY(0.5*1.3,4,0) 
r311(t) = r311(t - dt) + (- r311c32 - r311s34) * dt 
INIT r311 = 6 
r311c32 = DELAY(0.5*1.3,3,0) 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
r312(t) = r312(t - dt) + (- r312c32) * dt 
INIT r312 = 6 
r312c32 = DELAY(0.6*1.3,2,0) 
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r313(t) = r313(t - dt) + (- r313c32) * dt 
INIT r313 = 3 
r313c32 = DELAY(0.3*1.3,2,0) 
r314(t) = r314(t - dt) + (- r314c32) * dt 
INIT r314 = 5 
r314c32 = DELAY(0.3*1.3,2,0) 
r32(t) = r32(t - dt) + (r31r32 - r32c31) * dt 
INIT r32 = 12 
r31r32 = DELAY(fw_r31r32,2,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r33(t) = r33(t - dt) + (- r33c31) * dt 
INIT r33 = 6 
r33c31 = DELAY(0.5*1.3,4,0) 
r34(t) = r34(t - dt) + (- r34c31) * dt 
INIT r34 = 6 
r34c31 = DELAY(0.5*1.3,4,0) 
r35(t) = r35(t - dt) + (- r35c31) * dt 
INIT r35 = 4 
r35c31 = DELAY(0.5*1.3,2,0) 
r36(t) = r36(t - dt) + (- r36c31) * dt 
INIT r36 = 4 
r36c31 = DELAY(0.5*1.3,2,0) 
r37(t) = r37(t - dt) + (- r37c31) * dt 
INIT r37 = 4 
r37c31 = DELAY(0.5*1.3,2,0) 
r38(t) = r38(t - dt) + (- r38c31) * dt 
INIT r38 = 4 
r38c31 = DELAY(0.5*1.3,2,0) 
r39(t) = r39(t - dt) + (- r39_s31) * dt 
INIT r39 = 0 
r39_s31 = DELAY(0.5*1.3,6,0) 
r41(t) = r41(t - dt) + (- r41c41) * dt 
INIT r41 = 10 
r41c41 = DELAY(0.5*1.3,3,0) 
r410(t) = r410(t - dt) + (- r410c43) * dt 
INIT r410 = 10 
r410c43 = DELAY(0.6*1.3,4,0) 
r411(t) = r411(t - dt) + (- r411r412) * dt 
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INIT r411 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412(t) = r412(t - dt) + (r411r412 - r412c43) * dt 
INIT r412 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
r42(t) = r42(t - dt) + (- r42c41) * dt 
INIT r42 = 4 
r42c41 = DELAY(0.3*1.3,3,0) 
r43(t) = r43(t - dt) + (- r43c41) * dt 
INIT r43 = 4 
r43c41 = DELAY(0.3*1.3,3,0) 
r44(t) = r44(t - dt) + (- r44c42) * dt 
INIT r44 = 0 
r44c42 = DELAY(0.3*1.3,2,0) 
r45(t) = r45(t - dt) + (- r45c42) * dt 
INIT r45 = 0 
r45c42 = DELAY(0.3*1.3,2,0) 
r46(t) = r46(t - dt) + (- r46c42) * dt 
INIT r46 = 15 
r46c42 = DELAY(1*1.3,5,0) 
r47(t) = r47(t - dt) + (- r47_s41) * dt 
INIT r47 = 25 
r47_s41 = DELAY(0.5*1.3,20,0) 
r48(t) = r48(t - dt) + (- r48c43) * dt 
INIT r48 = 10 
r48c43 = DELAY(0.3*1.3,3,0) 
r49(t) = r49(t - dt) + (- r49c43) * dt 
INIT r49 = 2 
r49c43 = DELAY(0.3*1.3,4,0) 
s01(t) = s01(t - dt) + (c01s01 + s11s01 - s01d01) * dt 
INIT s01 = 0 
c01s01 = 2*1.3*s01_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
s02(t) = s02(t - dt) + (s12s02 - s02d3) * dt 
INIT s02 = 0 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
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s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
s04(t) = s04(t - dt) + (s14s04 - s04d6) * dt 
INIT s04 = 0 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
s11(t) = s11(t - dt) + (L11s11 + s21s11 - s11s01) * dt 
INIT s11 = 0 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s12(t) = s12(t - dt) + (c11s12 + s22s12 - s12s02) * dt 
INIT s12 = 0 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s14(t) = s14(t - dt) + (r17s14 + r19s14 + s24s14 - s14s04) * dt 
INIT s14 = 0 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s14s04 = DELAY(0.8*1,20,0)*s04_full 
s21(t) = s21(t - dt) + (c21s21 + s31s21 + r29_s21 - s21s11) * dt 
INIT s21 = 0 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s22(t) = s22(t - dt) + (c21s22 + s32s22 - s22s12) * dt 
INIT s22 = 0 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s24(t) = s24(t - dt) + (r212s24 + c22s24 + s34s24 - s24s14) * dt 
INIT s24 = 0 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
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s31(t) = s31(t - dt) + (c31s31 + s41s31 + r39_s31 - s31s21) * dt 
INIT s31 = 0 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
s32(t) = s32(t - dt) + (c31s32 + s42s32 - s32s22) * dt 
INIT s32 = 0 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s34(t) = s34(t - dt) + (r311s34 + c32s34 + s44s34 - s34s24) * dt 
INIT s34 = 0 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s41(t) = s41(t - dt) + (c41s41 + r47_s41 - s41s31) * dt 
INIT s41 = 0 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
r47_s41 = DELAY(0.5*1.3,20,0) 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
s42(t) = s42(t - dt) + (c42s42 - s42s32) * dt 
INIT s42 = 0 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s44(t) = s44(t - dt) + (c43s44 - s44s34) * dt 
INIT s44 = 0 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
c41c42_turn = IF(c41>c42)THEN(1)ELSE(-1) 
fw_c11L11 = IF(c11>0)THEN(1.3*1.3)ELSE(0) 
fw_c11s12 = IF(c11>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s21 = IF(c21>0)THEN(1*1.3)ELSE(0) 
fw_c21s22 = IF(c21>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s23 = IF(c21>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s23 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s24 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
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fw_c31s31 = IF(c31>0)THEN(1*1.3)ELSE(0) 
fw_c31s32 = IF(c31>0)THEN(0.3*1.3)ELSE(0) 
fw_c31s33 = IF(c31>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s33 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s34 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c41c42 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s41 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s43 = IF(c41>0)THEN(0.5*1.3)ELSE(0) 
fw_c42s42 = IF(c42>0)THEN(0.3*1.3)ELSE(0) 
fw_c43s43 = IF(c43>0)THEN(0.5*1.3)ELSE(0) 
fw_c43s44 = IF(c43>0)THEN(1*1.3)ELSE(0) 
fw_L11s11 = IF(L11>0)THEN(1*1.3)ELSE(0) 
fw_L12L11 = IF(L12>L11)THEN(4*1.3)ELSE(-4*1.3) 
fw_L12s13 = IF(L12>0)THEN(1*1.3)ELSE(0) 
fw_L21r29 = IF(l21>0)THEN(0.5*1.3)ELSE(0) 
fw_r13L12 = IF(r13>0)THEN(0.5*1.3)ELSE(0) 
fw_r15r13 = IF(r15>0)THEN(0.3*1.3)ELSE(0) 
fw_r19L12 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r19s14 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r31r32 = IF(r31>0)THEN(0.6*1.3)ELSE(0) 
fw_r32c31 = IF(r32>0)THEN(1*1.3)ELSE(0) 
fw_r412c43 = IF(r412>0)THEN(0.3*1.3)ELSE(0) 
fw_s01 = IF(s01>0)THEN(1.5*1.3)ELSE(0) 
fw_s02 = IF(s02>0)THEN(0.5*1.5)ELSE(0) 
fw_s04 = IF(s04>0)THEN(1*1.3)ELSE(0) 
s01_full = IF(s01>44)THEN(0)ELSE(1) 
s02_full = IF(s02>14)THEN(0)ELSE(1) 
s04_full = IF(s04>28)THEN(0)ELSE(1) 
s11_full = IF(s11>37)THEN(0)ELSE(1) 
s12_full = IF(s12>14)THEN(0)ELSE(1) 
s14_full = IF(s14>29)THEN(0)ELSE(1) 
s21_full = IF(s21>37)THEN(0)ELSE(1) 
s22_full = IF(s22>14)THEN(0)ELSE(1) 
s24_full = IF(s24>29)THEN(0)ELSE(1) 
s31_full = IF(s31>37)THEN(0)ELSE(1) 
s32_full = IF(s32>14)THEN(0)ELSE(1) 
s34_full = IF(s34>29)THEN(0)ELSE(1) 
s41_full = IF(s41>37)THEN(0)ELSE(1) 
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s42_full = IF(s42>14)THEN(0)ELSE(1) 
s44_full = IF(s44>29)THEN(0)ELSE(1) 
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Appendix 6  ESM Codes of the CIB Building (Stair 4 Blocked) 
 
c01(t) = c01(t - dt) + (r01c01 + r03c01 + r02c01 + r07c01 - c01s01 - c01d2 - c01d4 - 
c01c02) * dt 
INIT c01 = 0 
r01c01 = 2.2*1.3 
r03c01 = 1*1.3 
r02c01 = 1*1.3 
r07c01 = 6*1.3 
c01s01 = 2*1.3*s01_full 
c01d2 = 1*1.3 
c01d4 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
c02(t) = c02(t - dt) + (r010c02 + c01c02 + r09c02 + r08c02 - c02d7) * dt 
INIT c02 = 0 
r010c02 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
r09c02 = 2*1.3 
r08c02 = 1*1.3 
c02d7 = 1*1.3 
c11(t) = c11(t - dt) + (r11c11 + r12c11 - c11L11 - c11s12) * dt 
INIT c11 = 0 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r12c11 = DELAY(8*0.3*1.3,3,0) 
c11L11 = DELAY(fw_c11L11,9,0) 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
c21(t) = c21(t - dt) + (r22c21 + r23c21 + r24c21 + r25c21 + r26c21 + r27c21 + 
r28c21 - c21s21 - c21s22 - c21s23) * dt 
INIT c21 = 0 
r22c21 = DELAY(0.5*1.3,6,0) 
r23c21 = DELAY(0.5*1.3,4,0) 
r24c21 = DELAY(0.5*1.3,4,0) 
r25c21 = DELAY(0.5*1.3,2,0) 
r26c21 = DELAY(0.5*1.3,2,0) 
r27c21 = DELAY(0.5*1.3,2,0) 
r28c21 = DELAY(0.5*1.3,2,0) 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
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c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
c22(t) = c22(t - dt) + (r212c22 + r213c22 + r214c22 + r215c22 - c22s23) * dt 
INIT c22 = 0 
r212c22 = DELAY(0.5*1.3,5,0) 
r213c22 = DELAY(0.6*1.3,2,0) 
r214c22 = DELAY(0.6*1.3,2,0) 
r215c22 = DELAY(0.6*1.3,3,0) 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
c31(t) = c31(t - dt) + (r33c31 + r32c31 + r34c31 + r35c31 + r36c31 + r37c31 + 
r38c31 - c31s31 - c31s32 - c31s33) * dt 
INIT c31 = 0 
r33c31 = DELAY(0.5*1.3,4,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r34c31 = DELAY(0.5*1.3,4,0) 
r35c31 = DELAY(0.5*1.3,2,0) 
r36c31 = DELAY(0.5*1.3,2,0) 
r37c31 = DELAY(0.5*1.3,2,0) 
r38c31 = DELAY(0.5*1.3,2,0) 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
c32(t) = c32(t - dt) + (r310c32 + r311c32 + r313c32 + r312c32 + r314c32 - c32s33) * 
dt 
INIT c32 = 0 
r310c32 = DELAY(0.5*1.3,4,0) 
r311c32 = DELAY(0.5*1.3,3,0) 
r313c32 = DELAY(0.3*1.3,2,0) 
r312c32 = DELAY(0.6*1.3,2,0) 
r314c32 = DELAY(0.3*1.3,2,0) 
c32s33 = DELAY(fw_c32s33,8,0) 
c41(t) = c41(t - dt) + (r41c41 + r42c41 + r43c41 - c41c42 - c41s41 - c41s43) * dt 
INIT c41 = 0 
r41c41 = DELAY(0.5*1.3,3,0) 
r42c41 = DELAY(0.3*1.3,3,0) 
r43c41 = DELAY(0.3*1.3,3,0) 
c41c42 = DELAY(fw_c41c42,6,0)*c41_c42_turn 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
 66
c42(t) = c42(t - dt) + (c41c42 + r44c42 + r45c42 + r46c42 - c42s42) * dt 
INIT c42 = 0 
c41c42 = DELAY(fw_c41c42,6,0)*c41_c42_turn 
r44c42 = DELAY(0.3*1.3,2,0) 
r45c42 = DELAY(0.3*1.3,2,0) 
r46c42 = DELAY(1*1.3,5,0) 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
c43(t) = c43(t - dt) + (r48c43 + r49c43 + r410c43 + r412c43 - c43s43) * dt 
INIT c43 = 0 
r48c43 = DELAY(0.3*1.3,3,0) 
r49c43 = DELAY(0.3*1.3,4,0) 
r410c43 = DELAY(0.6*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
d1(t) = d1(t - dt) + (s01d01) * dt 
INIT d1 = 0 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
d2(t) = d2(t - dt) + (c01d2) * dt 
INIT d2 = 0 
c01d2 = 1*1.3 
d3(t) = d3(t - dt) + (s02d3) * dt 
INIT d3 = 0 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
d4(t) = d4(t - dt) + (c01d4) * dt 
INIT d4 = 0 
c01d4 = 1*1.3 
d5(t) = d5(t - dt) + (s03d5) * dt 
INIT d5 = 0 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
d6(t) = d6(t - dt) 
INIT d6 = 0 
d7(t) = d7(t - dt) + (c02d7) * dt 
INIT d7 = 0 
c02d7 = 1*1.3 
d8(t) = d8(t - dt) + (r07d8) * dt 
INIT d8 = 0 
r07d8 = 0.5*1.3 
L11(t) = L11(t - dt) + (c11L11 + r13L11 + L12L11 - L11s11) * dt 
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INIT L11 = 0 
c11L11 = DELAY(fw_c11L11,9,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
L12L11 = DELAY(fw_L12L11,10,0) 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
L12(t) = L12(t - dt) + (r18L12 + r17L12 + r16_1L12 + r19L12 - L12s13 - L12L11) * 
dt 
INIT L12 = 20 
r18L12 = DELAY(05.*1.3,4,0) 
r17L12 = DELAY(0.5*1.3,6,0) 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r19L12 = DELAY(fw_r19L12,5,0) 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
L12L11 = DELAY(fw_L12L11,10,0) 
l21(t) = l21(t - dt) + (r29L21 + r210L21 + r211L21 - L21s23) * dt 
INIT l21 = 0 
r29L21 = DELAY(0.5*1.3,12,0)*L21_full 
r210L21 = DELAY(0.5*1.3,10,0)*L21_full 
r211L21 = DELAY(0.5*1.3,10,0)*L21_full 
L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
r01(t) = r01(t - dt) + (- r01c01) * dt 
INIT r01 = 16 
r01c01 = 2.2*1.3 
r010(t) = r010(t - dt) + (- r010c02) * dt 
INIT r010 = 20 
r010c02 = 1*1.3 
r02(t) = r02(t - dt) + (- r02c01) * dt 
INIT r02 = 20 
r02c01 = 1*1.3 
r03(t) = r03(t - dt) + (- r03c01) * dt 
INIT r03 = 20 
r03c01 = 1*1.3 
r04(t) = r04(t - dt) + (- r04r07) * dt 
INIT r04 = 0 
r04r07 = 1*1.3 
r05(t) = r05(t - dt) + (r06r05 - r05r07) * dt 
INIT r05 = 5 
r06r05 = 0.5*1.3 
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r05r07 = 1*1.3 
r06(t) = r06(t - dt) + (- r06r05) * dt 
INIT r06 = 10 
r06r05 = 0.5*1.3 
r07(t) = r07(t - dt) + (r05r07 + r04r07 - r07c01 - r07d8) * dt 
INIT r07 = 50 
r05r07 = 1*1.3 
r04r07 = 1*1.3 
r07c01 = 6*1.3 
r07d8 = 0.5*1.3 
r08(t) = r08(t - dt) + (- r08c02) * dt 
INIT r08 = 20 
r08c02 = 1*1.3 
r09(t) = r09(t - dt) + (- r09c02) * dt 
INIT r09 = 20 
r09c02 = 2*1.3 
r11(t) = r11(t - dt) + (- r11c11) * dt 
INIT r11 = 8 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r110(t) = r110(t - dt) + (- r110r19) * dt 
INIT r110 = 4 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r12(t) = r12(t - dt) + (- r12c11) * dt 
INIT r12 = 8 
r12c11 = DELAY(8*0.3*1.3,3,0) 
r13(t) = r13(t - dt) + (r14r13 + r15r13 - r13L11) * dt 
INIT r13 = 35 
r14r13 = DELAY(0.6*1.3,1,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
r14(t) = r14(t - dt) + (- r14r13) * dt 
INIT r14 = 2 
r14r13 = DELAY(0.6*1.3,1,0) 
r15(t) = r15(t - dt) + (r16r15 - r15r13) * dt 
INIT r15 = 6 
r16r15 = DELAY(0.6*1.3,2,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r16(t) = r16(t - dt) + (- r16r15) * dt 
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INIT r16 = 3 
r16r15 = DELAY(0.6*1.3,2,0) 
r16_1(t) = r16_1(t - dt) + (- r16_1L12) * dt 
INIT r16_1 = 2 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r17(t) = r17(t - dt) + (- r17L12) * dt 
INIT r17 = 40 
r17L12 = DELAY(0.5*1.3,6,0) 
r18(t) = r18(t - dt) + (- r18L12) * dt 
INIT r18 = 4 
r18L12 = DELAY(05.*1.3,4,0) 
r19(t) = r19(t - dt) + (r110r19 - r19L12) * dt 
INIT r19 = 0 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r19L12 = DELAY(fw_r19L12,5,0) 
r21(t) = r21(t - dt) + (- r21r21) * dt 
INIT r21 = 2 
r21r21 = DELAY(0.6*1.3,2,0) 
r210(t) = r210(t - dt) + (r211_r210 - r210L21 - r210_r29) * dt 
INIT r210 = 90 
r211_r210 = DELAY(0.5*1.3,7,0) 
r210L21 = DELAY(0.5*1.3,10,0)*L21_full 
r210_r29 = DELAY(0.5*1.3,7,0) 
r211(t) = r211(t - dt) + (- r211L21 - r211_r210) * dt 
INIT r211 = 90 
r211L21 = DELAY(0.5*1.3,10,0)*L21_full 
r211_r210 = DELAY(0.5*1.3,7,0) 
r212(t) = r212(t - dt) + (- r212c22) * dt 
INIT r212 = 50 
r212c22 = DELAY(0.5*1.3,5,0) 
r213(t) = r213(t - dt) + (- r213c22) * dt 
INIT r213 = 6 
r213c22 = DELAY(0.6*1.3,2,0) 
r214(t) = r214(t - dt) + (- r214c22) * dt 
INIT r214 = 5 
r214c22 = DELAY(0.6*1.3,2,0) 
r215(t) = r215(t - dt) + (- r215c22) * dt 
INIT r215 = 2 
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r215c22 = DELAY(0.6*1.3,3,0) 
r22(t) = r22(t - dt) + (r21r21 - r22c21) * dt 
INIT r22 = 10 
r21r21 = DELAY(0.6*1.3,2,0) 
r22c21 = DELAY(0.5*1.3,6,0) 
r23(t) = r23(t - dt) + (- r23c21) * dt 
INIT r23 = 6 
r23c21 = DELAY(0.5*1.3,4,0) 
r24(t) = r24(t - dt) + (- r24c21) * dt 
INIT r24 = 6 
r24c21 = DELAY(0.5*1.3,4,0) 
r25(t) = r25(t - dt) + (- r25c21) * dt 
INIT r25 = 5 
r25c21 = DELAY(0.5*1.3,2,0) 
r26(t) = r26(t - dt) + (- r26c21) * dt 
INIT r26 = 5 
r26c21 = DELAY(0.5*1.3,2,0) 
r27(t) = r27(t - dt) + (- r27c21) * dt 
INIT r27 = 5 
r27c21 = DELAY(0.5*1.3,2,0) 
r28(t) = r28(t - dt) + (- r28c21) * dt 
INIT r28 = 5 
r28c21 = DELAY(0.5*1.3,2,0) 
r29(t) = r29(t - dt) + (r210_r29 - r29L21 - r29_s21) * dt 
INIT r29 = 130 
r210_r29 = DELAY(0.5*1.3,7,0) 
r29L21 = DELAY(0.5*1.3,12,0)*L21_full 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
r31(t) = r31(t - dt) + (- r31r32) * dt 
INIT r31 = 2 
r31r32 = DELAY(fw_r31r32,2,0) 
r310(t) = r310(t - dt) + (- r310c32) * dt 
INIT r310 = 5 
r310c32 = DELAY(0.5*1.3,4,0) 
r311(t) = r311(t - dt) + (- r311c32) * dt 
INIT r311 = 6 
r311c32 = DELAY(0.5*1.3,3,0) 
r312(t) = r312(t - dt) + (- r312c32) * dt 
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INIT r312 = 6 
r312c32 = DELAY(0.6*1.3,2,0) 
r313(t) = r313(t - dt) + (- r313c32) * dt 
INIT r313 = 3 
r313c32 = DELAY(0.3*1.3,2,0) 
r314(t) = r314(t - dt) + (- r314c32) * dt 
INIT r314 = 5 
r314c32 = DELAY(0.3*1.3,2,0) 
r32(t) = r32(t - dt) + (r31r32 - r32c31) * dt 
INIT r32 = 12 
r31r32 = DELAY(fw_r31r32,2,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r33(t) = r33(t - dt) + (- r33c31) * dt 
INIT r33 = 6 
r33c31 = DELAY(0.5*1.3,4,0) 
r34(t) = r34(t - dt) + (- r34c31) * dt 
INIT r34 = 6 
r34c31 = DELAY(0.5*1.3,4,0) 
r35(t) = r35(t - dt) + (- r35c31) * dt 
INIT r35 = 4 
r35c31 = DELAY(0.5*1.3,2,0) 
r36(t) = r36(t - dt) + (- r36c31) * dt 
INIT r36 = 4 
r36c31 = DELAY(0.5*1.3,2,0) 
r37(t) = r37(t - dt) + (- r37c31) * dt 
INIT r37 = 4 
r37c31 = DELAY(0.5*1.3,2,0) 
r38(t) = r38(t - dt) + (- r38c31) * dt 
INIT r38 = 4 
r38c31 = DELAY(0.5*1.3,2,0) 
r39(t) = r39(t - dt) + (- r39s33 - r39_s31) * dt 
INIT r39 = 0 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
r41(t) = r41(t - dt) + (- r41c41) * dt 
INIT r41 = 10 
r41c41 = DELAY(0.5*1.3,3,0) 
r410(t) = r410(t - dt) + (- r410c43) * dt 
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INIT r410 = 10 
r410c43 = DELAY(0.6*1.3,4,0) 
r411(t) = r411(t - dt) + (- r411r412) * dt 
INIT r411 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412(t) = r412(t - dt) + (r411r412 - r412c43) * dt 
INIT r412 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
r42(t) = r42(t - dt) + (- r42c41) * dt 
INIT r42 = 4 
r42c41 = DELAY(0.3*1.3,3,0) 
r43(t) = r43(t - dt) + (- r43c41) * dt 
INIT r43 = 4 
r43c41 = DELAY(0.3*1.3,3,0) 
r44(t) = r44(t - dt) + (- r44c42) * dt 
INIT r44 = 0 
r44c42 = DELAY(0.3*1.3,2,0) 
r45(t) = r45(t - dt) + (- r45c42) * dt 
INIT r45 = 0 
r45c42 = DELAY(0.3*1.3,2,0) 
r46(t) = r46(t - dt) + (- r46c42) * dt 
INIT r46 = 15 
r46c42 = DELAY(1*1.3,5,0) 
r47(t) = r47(t - dt) + (- r47s43 - Noname_1) * dt 
INIT r47 = 25 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
Noname_1 = DELAY(0.5*1.3,20,0) 
r48(t) = r48(t - dt) + (- r48c43) * dt 
INIT r48 = 10 
r48c43 = DELAY(0.3*1.3,3,0) 
r49(t) = r49(t - dt) + (- r49c43) * dt 
INIT r49 = 2 
r49c43 = DELAY(0.3*1.3,4,0) 
s01(t) = s01(t - dt) + (c01s01 + s11s01 - s01d01) * dt 
INIT s01 = 0 
c01s01 = 2*1.3*s01_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
 73
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
s02(t) = s02(t - dt) + (s12s02 - s02d3) * dt 
INIT s02 = 0 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
s03(t) = s03(t - dt) + (s13s03 - s03d5) * dt 
INIT s03 = 0 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
s11(t) = s11(t - dt) + (L11s11 + s21s11 - s11s01) * dt 
INIT s11 = 0 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s12(t) = s12(t - dt) + (c11s12 + s22s12 - s12s02) * dt 
INIT s12 = 0 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s13(t) = s13(t - dt) + (s23s13 + L12s13 - s13s03) * dt 
INIT s13 = 0 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
L12s13 = DELAY(fw_L12s13,6,0)*s13_full 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full 
s21(t) = s21(t - dt) + (c21s21 + s31s21 + r29_s21 - s21s11) * dt 
INIT s21 = 0 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s22(t) = s22(t - dt) + (c21s22 + s32s22 - s22s12) * dt 
INIT s22 = 0 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s23(t) = s23(t - dt) + (c21s23 + L21s23 + c22s23 + s33s23 - s23s13) * dt 
INIT s23 = 0 
c21s23 = DELAY(fw_c21s23,8,0)*s23_full 
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L21s23 = DELAY(fw_L21s23,4,0)*s23_full 
c22s23 = DELAY(fw_c22s23,5,0)*s23_full 
s33s23 = DELAY(0.8*1,20,0)*s23_full 
s23s13 = DELAY(0.8*1,20,0)*s13_full 
s31(t) = s31(t - dt) + (c31s31 + s41s31 + r39_s31 - s31s21) * dt 
INIT s31 = 0 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
s32(t) = s32(t - dt) + (c31s32 + s42s32 - s32s22) * dt 
INIT s32 = 0 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s33(t) = s33(t - dt) + (c31s33 + r39s33 + c32s33 + s43s33 - s33s23) * dt 
INIT s33 = 0 
c31s33 = DELAY(fw_c31s33,6,0)*s33_full 
r39s33 = DELAY(0.5*1.3,6,0)*s33_full 
c32s33 = DELAY(fw_c32s33,8,0) 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
s33s23 = DELAY(0.8*1,20,0)*s23_full 
s41(t) = s41(t - dt) + (c41s41 + Noname_1 - s41s31) * dt 
INIT s41 = 0 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
Noname_1 = DELAY(0.5*1.3,20,0) 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
s42(t) = s42(t - dt) + (c42s42 - s42s32) * dt 
INIT s42 = 0 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s43(t) = s43(t - dt) + (c41s43 + r47s43 + c43s43 - s43s33) * dt 
INIT s43 = 0 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full 
s43s33 = DELAY(0.8*1,20,0)*s33_full 
c41_c42_turn = IF(c41>c42)THEN(1)ELSE(-1) 
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fw_c11L11 = IF(c11>0)THEN(1.3*1.3)ELSE(0) 
fw_c11s12 = IF(c11>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s21 = IF(c21>0)THEN(1*1.3)ELSE(0) 
fw_c21s22 = IF(c21>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s23 = IF(c21>0)THEN(0.5*1.3)ELSE(0) 
fw_c22s23 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c31s31 = IF(c31>0)THEN(1*1.3)ELSE(0) 
fw_c31s32 = IF(c31>0)THEN(0.3*1.3)ELSE(0) 
fw_c31s33 = IF(c31>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s33 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c41c42 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s41 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s43 = IF(c41>0)THEN(0.5*1.3)ELSE(0) 
fw_c42s42 = IF(c42>0)THEN(0.3*1.3)ELSE(0) 
fw_c43s43 = IF(c43>0)THEN(0.5*1.3)ELSE(0) 
fw_L11s11 = IF(L11>0)THEN(1*1.3)ELSE(0) 
fw_L12L11 = IF(L12>L11)THEN(4*1.3)ELSE(-4*1.3) 
fw_L12s13 = IF(L12>0)THEN(1*1.3)ELSE(0) 
fw_L21s23 = IF(l21>0)THEN(1*1.3)ELSE(0) 
fw_r13L12 = IF(r13>0)THEN(0.5*1.3)ELSE(0) 
fw_r15r13 = IF(r15>0)THEN(0.3*1.3)ELSE(0) 
fw_r19L12 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r19s14 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r31r32 = IF(r31>0)THEN(0.6*1.3)ELSE(0) 
fw_r32c31 = IF(r32>0)THEN(1*1.3)ELSE(0) 
fw_r412c43 = IF(r412>0)THEN(0.3*1.3)ELSE(0) 
fw_s01 = IF(s01>0)THEN(1.5*1.3)ELSE(0) 
fw_s02 = IF(s02>0)THEN(0.5*1.5)ELSE(0) 
fw_s03 = IF(s03>0)THEN(2*1.3)ELSE(0) 
L21_full = IF(l21>43)THEN(0)ELSE(1) 
s01_full = IF(s01>44)THEN(0)ELSE(1) 
s02_full = IF(s02>14)THEN(0)ELSE(1) 
s03_full = IF(s03>22)THEN(0)ELSE(1) 
s11_full = IF(s11>37)THEN(0)ELSE(1) 
s12_full = IF(s12>14)THEN(0)ELSE(1) 
s13_full = IF(s13>39)THEN(0)ELSE(1) 
s21_full = IF(s21>37)THEN(0)ELSE(1) 
s22_full = IF(s22>14)THEN(0)ELSE(1) 
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s23_full = IF(s23>69)THEN(0)ELSE(1) 
s31_full = IF(s31>37)THEN(0)ELSE(1) 
s32_full = IF(s32>14)THEN(0)ELSE(1) 
s33_full = IF(s33>69)THEN(0)ELSE(1) 
s41_full = IF(s41>37)THEN(0)ELSE(1) 
s42_full = IF(s42>14)THEN(0)ELSE(1) 
s43_full = IF(s43>69)THEN(0)ELSE(1) 
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Appendix 7  ESM Codes of the CIB Building (Stair 3 Blocked for 76 sec) 
 
c01(t) = c01(t - dt) + (r01c01 + r03c01 + r02c01 + r07c01 - c01s01 - c01d2 - c01d4 - 
c01c02) * dt 
INIT c01 = 0 
r01c01 = 2.2*1.3 
r03c01 = 1*1.3 
r02c01 = 1*1.3 
r07c01 = 6*1.3 
c01s01 = 2*1.3*s01_full 
c01d2 = 1*1.3 
c01d4 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
c02(t) = c02(t - dt) + (r010c02 + c01c02 + r09c02 + r08c02 - c02d7) * dt 
INIT c02 = 0 
r010c02 = 1*1.3 
c01c02 = IF(c01>c02)THEN(4*1.3)ELSE(-4*1.3) 
r09c02 = 2*1.3 
r08c02 = 1*1.3 
c02d7 = 1*1.3 
c11(t) = c11(t - dt) + (r11c11 + r12c11 - c11L11 - c11s12) * dt 
INIT c11 = 0 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r12c11 = DELAY(8*0.3*1.3,3,0) 
c11L11 = DELAY(fw_c11L11,9,0) 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
c21(t) = c21(t - dt) + (r22c21 + r23c21 + r24c21 + r25c21 + r26c21 + r27c21 + 
r28c21 - c21s21 - c21s22 - c21s23) * dt 
INIT c21 = 0 
r22c21 = DELAY(0.5*1.3,6,0) 
r23c21 = DELAY(0.5*1.3,4,0) 
r24c21 = DELAY(0.5*1.3,4,0) 
r25c21 = DELAY(0.5*1.3,2,0) 
r26c21 = DELAY(0.5*1.3,2,0) 
r27c21 = DELAY(0.5*1.3,2,0) 
r28c21 = DELAY(0.5*1.3,2,0) 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
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c21s23 = IF(TIME<76)THEN(fw_c21s23*s23_full)ELSE(-fw_c21s23) 
c22(t) = c22(t - dt) + (r212c22 + r213c22 + r214c22 + r215c22 - c22s24 - c22s23) * dt 
INIT c22 = 0 
r212c22 = DELAY(0.5*1.3,5,0) 
r213c22 = DELAY(0.6*1.3,2,0) 
r214c22 = DELAY(0.6*1.3,2,0) 
r215c22 = DELAY(0.6*1.3,3,0) 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
c22s23 = IF(TIME<100)THEN(fw_c22s23*s23_full)ELSE(-fw_c22s23) 
c31(t) = c31(t - dt) + (r33c31 + r32c31 + r34c31 + r35c31 + r36c31 + r37c31 + 
r38c31 - c31s31 - c31s32 - c31s33) * dt 
INIT c31 = 0 
r33c31 = DELAY(0.5*1.3,4,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r34c31 = DELAY(0.5*1.3,4,0) 
r35c31 = DELAY(0.5*1.3,2,0) 
r36c31 = DELAY(0.5*1.3,2,0) 
r37c31 = DELAY(0.5*1.3,2,0) 
r38c31 = DELAY(0.5*1.3,2,0) 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
c31s33 = IF(TIME<76)THEN(fw_c31s33*s33_full)ELSE(-fw_c31s33) 
c32(t) = c32(t - dt) + (r310c32 + r311c32 + r313c32 + r312c32 + r314c32 - c32s34 - 
c32s33) * dt 
INIT c32 = 0 
r310c32 = DELAY(0.5*1.3,4,0) 
r311c32 = DELAY(0.5*1.3,3,0) 
r313c32 = DELAY(0.3*1.3,2,0) 
r312c32 = DELAY(0.6*1.3,2,0) 
r314c32 = DELAY(0.3*1.3,2,0) 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
c32s33 = DELAY(fw_c32s33,8,0) 
c41(t) = c41(t - dt) + (r41c41 + r42c41 + r43c41 - c41c42 - c41s41 - c41s43) * dt 
INIT c41 = 0 
r41c41 = DELAY(0.5*1.3,3,0) 
r42c41 = DELAY(0.3*1.3,3,0) 
r43c41 = DELAY(0.3*1.3,3,0) 
c41c42 = DELAY(fw_c41c42,6,0)*c41_c42_turn 
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c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full*s43_turn 
c42(t) = c42(t - dt) + (c41c42 + r44c42 + r45c42 + r46c42 - c42s42) * dt 
INIT c42 = 0 
c41c42 = DELAY(fw_c41c42,6,0)*c41_c42_turn 
r44c42 = DELAY(0.3*1.3,2,0) 
r45c42 = DELAY(0.3*1.3,2,0) 
r46c42 = DELAY(1*1.3,5,0) 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
c43(t) = c43(t - dt) + (r48c43 + r49c43 + r410c43 + r412c43 - c43s43 - c43s44) * dt 
INIT c43 = 0 
r48c43 = DELAY(0.3*1.3,3,0) 
r49c43 = DELAY(0.3*1.3,4,0) 
r410c43 = DELAY(0.6*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full*s43_turn 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
d1(t) = d1(t - dt) + (s01d01) * dt 
INIT d1 = 0 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
d2(t) = d2(t - dt) + (c01d2) * dt 
INIT d2 = 0 
c01d2 = 1*1.3 
d3(t) = d3(t - dt) + (s02d3) * dt 
INIT d3 = 0 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
d4(t) = d4(t - dt) + (c01d4) * dt 
INIT d4 = 0 
c01d4 = 1*1.3 
d5(t) = d5(t - dt) + (s03d5) * dt 
INIT d5 = 0 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
d6(t) = d6(t - dt) + (s04d6) * dt 
INIT d6 = 0 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
d7(t) = d7(t - dt) + (c02d7) * dt 
INIT d7 = 0 
c02d7 = 1*1.3 
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d8(t) = d8(t - dt) + (r07d8) * dt 
INIT d8 = 0 
r07d8 = 0.5*1.3 
L11(t) = L11(t - dt) + (c11L11 + r13L11 + L12L11 - L11s11) * dt 
INIT L11 = 0 
c11L11 = DELAY(fw_c11L11,9,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
L12L11 = DELAY(fw_L12L11,10,0) 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
L12(t) = L12(t - dt) + (r18L12 + r17L12 + r16_1L12 + r19L12 - L12s13 - L12L11) * 
dt 
INIT L12 = 20 
r18L12 = DELAY(05.*1.3,4,0) 
r17L12 = DELAY(0.5*1.3,6,0) 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r19L12 = DELAY(fw_r19L12,5,0) 
L12s13 = IF(TIME<76)THEN(1*1.3*s13_full)ELSE(-1*1.3) 
L12L11 = DELAY(fw_L12L11,10,0) 
l21(t) = l21(t - dt) + (r29L21 + r210L21 + r211L21 - L21s23) * dt 
INIT l21 = 0 
r29L21 = IF(TIME<76)THEN(fw_r29L21*L21_full)ELSE(-fw_r29L21) 
r210L21 = IF(TIME<76)THEN(fw_r210L21*L21_full)ELSE(-fw_r210L21) 
r211L21 = IF(TIME<76)THEN(fw_r211L21*L21_full)ELSE(-fw_r211L21) 
L21s23 = IF(TIME<76)THEN(fw_L21s23*s23_full)ELSE(-fw_L21s23) 
r01(t) = r01(t - dt) + (- r01c01) * dt 
INIT r01 = 16 
r01c01 = 2.2*1.3 
r010(t) = r010(t - dt) + (- r010c02) * dt 
INIT r010 = 20 
r010c02 = 1*1.3 
r02(t) = r02(t - dt) + (- r02c01) * dt 
INIT r02 = 20 
r02c01 = 1*1.3 
r03(t) = r03(t - dt) + (- r03c01) * dt 
INIT r03 = 20 
r03c01 = 1*1.3 
r04(t) = r04(t - dt) + (- r04r07) * dt 
INIT r04 = 0 
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r04r07 = 1*1.3 
r05(t) = r05(t - dt) + (r06r05 - r05r07) * dt 
INIT r05 = 5 
r06r05 = 0.5*1.3 
r05r07 = 1*1.3 
r06(t) = r06(t - dt) + (- r06r05) * dt 
INIT r06 = 10 
r06r05 = 0.5*1.3 
r07(t) = r07(t - dt) + (r05r07 + r04r07 - r07c01 - r07d8) * dt 
INIT r07 = 50 
r05r07 = 1*1.3 
r04r07 = 1*1.3 
r07c01 = 6*1.3 
r07d8 = 0.5*1.3 
r08(t) = r08(t - dt) + (- r08c02) * dt 
INIT r08 = 20 
r08c02 = 1*1.3 
r09(t) = r09(t - dt) + (- r09c02) * dt 
INIT r09 = 20 
r09c02 = 2*1.3 
r11(t) = r11(t - dt) + (- r11c11) * dt 
INIT r11 = 8 
r11c11 = DELAY(8*0.3*1.3,3,0) 
r110(t) = r110(t - dt) + (- r110r19) * dt 
INIT r110 = 4 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r12(t) = r12(t - dt) + (- r12c11) * dt 
INIT r12 = 8 
r12c11 = DELAY(8*0.3*1.3,3,0) 
r13(t) = r13(t - dt) + (r14r13 + r15r13 - r13L11) * dt 
INIT r13 = 35 
r14r13 = DELAY(0.6*1.3,1,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r13L11 = DELAY(fw_r13L12,6,0) 
r14(t) = r14(t - dt) + (- r14r13) * dt 
INIT r14 = 2 
r14r13 = DELAY(0.6*1.3,1,0) 
r15(t) = r15(t - dt) + (r16r15 - r15r13) * dt 
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INIT r15 = 6 
r16r15 = DELAY(0.6*1.3,2,0) 
r15r13 = DELAY(fw_r15r13,3,0) 
r16(t) = r16(t - dt) + (- r16r15) * dt 
INIT r16 = 3 
r16r15 = DELAY(0.6*1.3,2,0) 
r16_1(t) = r16_1(t - dt) + (- r16_1L12) * dt 
INIT r16_1 = 2 
r16_1L12 = DELAY(0.6*1.3,2,0) 
r17(t) = r17(t - dt) + (- r17s14 - r17L12) * dt 
INIT r17 = 40 
r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r17L12 = DELAY(0.5*1.3,6,0) 
r18(t) = r18(t - dt) + (- r18L12) * dt 
INIT r18 = 4 
r18L12 = DELAY(05.*1.3,4,0) 
r19(t) = r19(t - dt) + (r110r19 - r19s14 - r19L12) * dt 
INIT r19 = 0 
r110r19 = DELAY(5*0.3*1.3,3,0) 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
r19L12 = DELAY(fw_r19L12,5,0) 
r21(t) = r21(t - dt) + (- r21r21) * dt 
INIT r21 = 2 
r21r21 = DELAY(0.6*1.3,2,0) 
r210(t) = r210(t - dt) + (r211_r210 - r210L21 - r210_r29) * dt 
INIT r210 = 90 
r211_r210 = DELAY(0.5*1.3,7,0) 
r210L21 = IF(TIME<76)THEN(fw_r210L21*L21_full)ELSE(-fw_r210L21) 
r210_r29 = DELAY(0.5*1.3,7,0) 
r211(t) = r211(t - dt) + (- r211L21 - r211_r210) * dt 
INIT r211 = 90 
r211L21 = IF(TIME<76)THEN(fw_r211L21*L21_full)ELSE(-fw_r211L21) 
r211_r210 = DELAY(0.5*1.3,7,0) 
r212(t) = r212(t - dt) + (- r212c22 - r212s24) * dt 
INIT r212 = 50 
r212c22 = DELAY(0.5*1.3,5,0) 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
r213(t) = r213(t - dt) + (- r213c22) * dt 
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INIT r213 = 6 
r213c22 = DELAY(0.6*1.3,2,0) 
r214(t) = r214(t - dt) + (- r214c22) * dt 
INIT r214 = 5 
r214c22 = DELAY(0.6*1.3,2,0) 
r215(t) = r215(t - dt) + (- r215c22) * dt 
INIT r215 = 2 
r215c22 = DELAY(0.6*1.3,3,0) 
r22(t) = r22(t - dt) + (r21r21 - r22c21) * dt 
INIT r22 = 10 
r21r21 = DELAY(0.6*1.3,2,0) 
r22c21 = DELAY(0.5*1.3,6,0) 
r23(t) = r23(t - dt) + (- r23c21) * dt 
INIT r23 = 6 
r23c21 = DELAY(0.5*1.3,4,0) 
r24(t) = r24(t - dt) + (- r24c21) * dt 
INIT r24 = 6 
r24c21 = DELAY(0.5*1.3,4,0) 
r25(t) = r25(t - dt) + (- r25c21) * dt 
INIT r25 = 5 
r25c21 = DELAY(0.5*1.3,2,0) 
r26(t) = r26(t - dt) + (- r26c21) * dt 
INIT r26 = 5 
r26c21 = DELAY(0.5*1.3,2,0) 
r27(t) = r27(t - dt) + (- r27c21) * dt 
INIT r27 = 5 
r27c21 = DELAY(0.5*1.3,2,0) 
r28(t) = r28(t - dt) + (- r28c21) * dt 
INIT r28 = 5 
r28c21 = DELAY(0.5*1.3,2,0) 
r29(t) = r29(t - dt) + (r210_r29 - r29L21 - r29_s21) * dt 
INIT r29 = 130 
r210_r29 = DELAY(0.5*1.3,7,0) 
r29L21 = IF(TIME<76)THEN(fw_r29L21*L21_full)ELSE(-fw_r29L21) 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
r31(t) = r31(t - dt) + (- r31r32) * dt 
INIT r31 = 2 
r31r32 = DELAY(fw_r31r32,2,0) 
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r310(t) = r310(t - dt) + (- r310c32) * dt 
INIT r310 = 5 
r310c32 = DELAY(0.5*1.3,4,0) 
r311(t) = r311(t - dt) + (- r311c32 - r311s34) * dt 
INIT r311 = 6 
r311c32 = DELAY(0.5*1.3,3,0) 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
r312(t) = r312(t - dt) + (- r312c32) * dt 
INIT r312 = 6 
r312c32 = DELAY(0.6*1.3,2,0) 
r313(t) = r313(t - dt) + (- r313c32) * dt 
INIT r313 = 3 
r313c32 = DELAY(0.3*1.3,2,0) 
r314(t) = r314(t - dt) + (- r314c32) * dt 
INIT r314 = 5 
r314c32 = DELAY(0.3*1.3,2,0) 
r32(t) = r32(t - dt) + (r31r32 - r32c31) * dt 
INIT r32 = 12 
r31r32 = DELAY(fw_r31r32,2,0) 
r32c31 = DELAY(fw_r32c31,5,0) 
r33(t) = r33(t - dt) + (- r33c31) * dt 
INIT r33 = 6 
r33c31 = DELAY(0.5*1.3,4,0) 
r34(t) = r34(t - dt) + (- r34c31) * dt 
INIT r34 = 6 
r34c31 = DELAY(0.5*1.3,4,0) 
r35(t) = r35(t - dt) + (- r35c31) * dt 
INIT r35 = 4 
r35c31 = DELAY(0.5*1.3,2,0) 
r36(t) = r36(t - dt) + (- r36c31) * dt 
INIT r36 = 4 
r36c31 = DELAY(0.5*1.3,2,0) 
r37(t) = r37(t - dt) + (- r37c31) * dt 
INIT r37 = 4 
r37c31 = DELAY(0.5*1.3,2,0) 
r38(t) = r38(t - dt) + (- r38c31) * dt 
INIT r38 = 4 
r38c31 = DELAY(0.5*1.3,2,0) 
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r39(t) = r39(t - dt) + (- r39s33 - r39_s31) * dt 
INIT r39 = 0 
r39s33 = IF(TIME<76)THEN(fw_r39s33*s33_full)ELSE(-fw_r39s33) 
r39_s31 = DELAY(0.5*1.3,6,0) 
r41(t) = r41(t - dt) + (- r41c41) * dt 
INIT r41 = 10 
r41c41 = DELAY(0.5*1.3,3,0) 
r410(t) = r410(t - dt) + (- r410c43) * dt 
INIT r410 = 10 
r410c43 = DELAY(0.6*1.3,4,0) 
r411(t) = r411(t - dt) + (- r411r412) * dt 
INIT r411 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412(t) = r412(t - dt) + (r411r412 - r412c43) * dt 
INIT r412 = 4 
r411r412 = DELAY(0.3*1.3,4,0) 
r412c43 = DELAY(fw_r412c43,3,0) 
r42(t) = r42(t - dt) + (- r42c41) * dt 
INIT r42 = 4 
r42c41 = DELAY(0.3*1.3,3,0) 
r43(t) = r43(t - dt) + (- r43c41) * dt 
INIT r43 = 4 
r43c41 = DELAY(0.3*1.3,3,0) 
r44(t) = r44(t - dt) + (- r44c42) * dt 
INIT r44 = 0 
r44c42 = DELAY(0.3*1.3,2,0) 
r45(t) = r45(t - dt) + (- r45c42) * dt 
INIT r45 = 0 
r45c42 = DELAY(0.3*1.3,2,0) 
r46(t) = r46(t - dt) + (- r46c42) * dt 
INIT r46 = 15 
r46c42 = DELAY(1*1.3,5,0) 
r47(t) = r47(t - dt) + (- r47s43 - Noname_1) * dt 
INIT r47 = 25 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full*s43_turn 
Noname_1 = DELAY(0.5*1.3,20,0) 
r48(t) = r48(t - dt) + (- r48c43) * dt 
INIT r48 = 10 
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r48c43 = DELAY(0.3*1.3,3,0) 
r49(t) = r49(t - dt) + (- r49c43) * dt 
INIT r49 = 2 
r49c43 = DELAY(0.3*1.3,4,0) 
s01(t) = s01(t - dt) + (c01s01 + s11s01 - s01d01) * dt 
INIT s01 = 0 
c01s01 = 2*1.3*s01_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s01d01 = DELAY(fw_s01*(s01/13.5)/2,20,0) 
s02(t) = s02(t - dt) + (s12s02 - s02d3) * dt 
INIT s02 = 0 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s02d3 = DELAY(fw_s02*(s02/4.5)/2,16,0) 
s03(t) = s03(t - dt) + (s13s03 - s03d5) * dt 
INIT s03 = 0 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full*s13_block_76 
s03d5 = DELAY(fw_s03*(s03/6.75)/2,20,0) 
s04(t) = s04(t - dt) + (s14s04 - s04d6) * dt 
INIT s04 = 0 
s14s04 = DELAY(0.8*1,20,0)*s04_full*s14close 
s04d6 = DELAY(fw_s04*(s04/8.5)/2,20,0) 
s11(t) = s11(t - dt) + (L11s11 + s21s11 - s11s01) * dt 
INIT s11 = 0 
L11s11 = DELAY(fw_L11s11,5,0)*s11_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s11s01 = DELAY(0.8*1,20,0)*s01_full 
s12(t) = s12(t - dt) + (c11s12 + s22s12 - s12s02) * dt 
INIT s12 = 0 
c11s12 = DELAY(fw_c11s12,12,0)*s12_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s12s02 = DELAY(0.8*1,16,0)*s02_full 
s13(t) = s13(t - dt) + (s23s13 + L12s13 - s13s03) * dt 
INIT s13 = 0 
s23s13 = DELAY(0.8*1,20,0)*s13_full*s23_block_76 
L12s13 = IF(TIME<76)THEN(1*1.3*s13_full)ELSE(-1*1.3) 
s13s03 = DELAY(0.8*1*(s13/12)/2,20,0)*s03_full*s13_block_76 
s14(t) = s14(t - dt) + (r17s14 + r19s14 + s24s14 - s14s04) * dt 
INIT s14 = 0 
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r17s14 = DELAY(0.5*1.3,6,0)*s14_full 
r19s14 = DELAY(fw_r19s14,4,0)*s14_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s14s04 = DELAY(0.8*1,20,0)*s04_full*s14close 
s21(t) = s21(t - dt) + (c21s21 + s31s21 + r29_s21 - s21s11) * dt 
INIT s21 = 0 
c21s21 = DELAY(fw_c21s21,6,0)*s21_full 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
r29_s21 = DELAY(0.5*1.3,9,0)*s21_full 
s21s11 = DELAY(0.8*1,20,0)*s11_full 
s22(t) = s22(t - dt) + (c21s22 + s32s22 - s22s12) * dt 
INIT s22 = 0 
c21s22 = DELAY(fw_c21s22,9,0)*s22_full 
s32s22 = DELAY(0.8*1,16,0)*s22_full 
s22s12 = DELAY(0.8*1,20,0)*s12_full 
s23(t) = s23(t - dt) + (c21s23 + L21s23 + c22s23 + s33s23 - s23s13) * dt 
INIT s23 = 0 
c21s23 = IF(TIME<76)THEN(fw_c21s23*s23_full)ELSE(-fw_c21s23) 
L21s23 = IF(TIME<76)THEN(fw_L21s23*s23_full)ELSE(-fw_L21s23) 
c22s23 = IF(TIME<100)THEN(fw_c22s23*s23_full)ELSE(-fw_c22s23) 
s33s23 = DELAY(0.8*1,20,0)*s23_full*s33_block_76 
s23s13 = DELAY(0.8*1,20,0)*s13_full*s23_block_76 
s24(t) = s24(t - dt) + (r212s24 + c22s24 + s34s24 - s24s14) * dt 
INIT s24 = 0 
r212s24 = DELAY(0.5*1.3,5,0)*s24_full 
c22s24 = DELAY(fw_c22s24,5,0)*s24_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s24s14 = DELAY(0.8*1,18,0)*s14_full 
s31(t) = s31(t - dt) + (c31s31 + s41s31 + r39_s31 - s31s21) * dt 
INIT s31 = 0 
c31s31 = DELAY(fw_c31s31,5,0)*s31_full 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
r39_s31 = DELAY(0.5*1.3,6,0) 
s31s21 = DELAY(0.8*1,20,0)*s21_full 
s32(t) = s32(t - dt) + (c31s32 + s42s32 - s32s22) * dt 
INIT s32 = 0 
c31s32 = DELAY(fw_c31s32,11,0)*s32_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
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s32s22 = DELAY(0.8*1,16,0)*s22_full 
s33(t) = s33(t - dt) + (c31s33 + r39s33 + c32s33 + s43s33 - s33s23) * dt 
INIT s33 = 0 
c31s33 = IF(TIME<76)THEN(fw_c31s33*s33_full)ELSE(-fw_c31s33) 
r39s33 = IF(TIME<76)THEN(fw_r39s33*s33_full)ELSE(-fw_r39s33) 
c32s33 = DELAY(fw_c32s33,8,0) 
s43s33 = DELAY(0.8*1,20,0)*s33_full*s43_block_76 
s33s23 = DELAY(0.8*1,20,0)*s23_full*s33_block_76 
s34(t) = s34(t - dt) + (r311s34 + c32s34 + s44s34 - s34s24) * dt 
INIT s34 = 0 
r311s34 = DELAY(0.5*1.3,3,0)*s34_full 
c32s34 = DELAY(fw_c32s34,9,0)*s34_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
s34s24 = DELAY(0.8*1,18,0)*s24_full 
s41(t) = s41(t - dt) + (c41s41 + Noname_1 - s41s31) * dt 
INIT s41 = 0 
c41s41 = DELAY(fw_c41s41,6,0)*s41_full 
Noname_1 = DELAY(0.5*1.3,20,0) 
s41s31 = DELAY(0.8*1,20,0)*s31_full 
s42(t) = s42(t - dt) + (c42s42 - s42s32) * dt 
INIT s42 = 0 
c42s42 = DELAY(fw_c42s42,8,0)*s42_full 
s42s32 = DELAY(0.8*1,16,0)*s32_full 
s43(t) = s43(t - dt) + (c41s43 + r47s43 + c43s43 - s43s33) * dt 
INIT s43 = 0 
c41s43 = DELAY(fw_c41s43,6,0)*s43_full*s43_turn 
r47s43 = DELAY(0.5*1.3,10,0)*s43_full*s43_turn 
c43s43 = DELAY(fw_c43s43,7,0)*s43_full*s43_turn 
s43s33 = DELAY(0.8*1,20,0)*s33_full*s43_block_76 
s44(t) = s44(t - dt) + (c43s44 - s44s34) * dt 
INIT s44 = 0 
c43s44 = DELAY(fw_c43s44,8,0)*s44_full 
s44s34 = DELAY(0.8*1,18,0)*s34_full 
c41_c42_turn = IF(c41>c42)THEN(1)ELSE(-1) 
fw_c11L11 = IF(c11>0)THEN(1.3*1.3)ELSE(0) 
fw_c11s12 = IF(c11>0)THEN(0.3*1.3)ELSE(0) 
fw_c21s21 = IF(c21>0)THEN(1*1.3)ELSE(0) 
fw_c21s22 = IF(c21>0)THEN(0.3*1.3)ELSE(0) 
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fw_c21s23 = DELAY(0.5*1.3,7,0) 
fw_c22s23 = DELAY(0.5*1.3,5,0) 
fw_c22s24 = IF(c22>0)THEN(0.5*1.3)ELSE(0) 
fw_c31s31 = IF(c31>0)THEN(1*1.3)ELSE(0) 
fw_c31s32 = IF(c31>0)THEN(0.3*1.3)ELSE(0) 
fw_c31s33 = DELAY(0.5*1.3,6,0) 
fw_c32s33 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c32s34 = IF(c32>0)THEN(0.5*1.3)ELSE(0) 
fw_c41c42 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s41 = IF(c41>0)THEN(1*1.3)ELSE(0) 
fw_c41s43 = IF(c41>0)THEN(0.5*1.3)ELSE(0) 
fw_c42s42 = IF(c42>0)THEN(0.3*1.3)ELSE(0) 
fw_c43s43 = IF(c43>0)THEN(0.5*1.3)ELSE(0) 
fw_c43s44 = IF(c43>0)THEN(1*1.3)ELSE(0) 
fw_L11s11 = IF(L11>0)THEN(1*1.3)ELSE(0) 
fw_L12L11 = IF(L12>L11)THEN(4*1.3)ELSE(-4*1.3) 
fw_L21s23 = DELAY(1*1.3,3,0) 
fw_r13L12 = IF(r13>0)THEN(0.5*1.3)ELSE(0) 
fw_r15r13 = IF(r15>0)THEN(0.3*1.3)ELSE(0) 
fw_r19L12 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r19s14 = IF(r19>0)THEN(0.5*1.3)ELSE(0) 
fw_r210L21 = DELAY(0.5*1.3,7,0) 
fw_r211L21 = DELAY(0.5*1.3,7,0) 
fw_r29L21 = DELAY(0.5*1.3,8,0) 
fw_r31r32 = IF(r31>0)THEN(0.6*1.3)ELSE(0) 
fw_r32c31 = IF(r32>0)THEN(1*1.3)ELSE(0) 
fw_r39s33 = DELAY(0.5*1.3,6,0) 
fw_r412c43 = IF(r412>0)THEN(0.3*1.3)ELSE(0) 
fw_s01 = IF(s01>0)THEN(1.5*1.3)ELSE(0) 
fw_s02 = IF(s02>0)THEN(0.5*1.5)ELSE(0) 
fw_s03 = IF(s03>0)THEN(2*1.3)ELSE(0) 
fw_s04 = IF(s04>0)THEN(1*1.3)ELSE(0) 
L21_full = IF(l21>43)THEN(0)ELSE(1) 
s01_full = IF(s01>44)THEN(0)ELSE(1) 
s02_full = IF(s02>14)THEN(0)ELSE(1) 
s03_full = IF(s03>22)THEN(0)ELSE(1) 
s04_full = IF(s04>28)THEN(0)ELSE(1) 
s11_full = IF(s11>37)THEN(0)ELSE(1) 
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s12_full = IF(s12>14)THEN(0)ELSE(1) 
s13_block_76 = IF(TIME<76)THEN(1)ELSE(0) 
s13_full = IF(s13>39)THEN(0)ELSE(1) 
s14close = IF(s14=0)THEN(0)ELSE(1) 
s14_full = IF(s14>29)THEN(0)ELSE(1) 
s21_full = IF(s21>37)THEN(0)ELSE(1) 
s22_full = IF(s22>14)THEN(0)ELSE(1) 
s23_block_76 = IF(TIME<76)THEN(1)ELSE(0) 
s23_full = IF(s23>69)THEN(0)ELSE(1) 
s24_full = IF(s24>29)THEN(0)ELSE(1) 
s31_full = IF(s31>37)THEN(0)ELSE(1) 
s32_full = IF(s32>14)THEN(0)ELSE(1) 
s33_block_76 = IF(TIME<76)THEN(1)ELSE(0) 
s33_full = IF(s33>69)THEN(0)ELSE(1) 
s34_full = IF(s34>29)THEN(0)ELSE(1) 
s41_full = IF(s41>37)THEN(0)ELSE(1) 
s42_full = IF(s42>14)THEN(0)ELSE(1) 
s43_block_76 = IF(TIME<76)THEN(1)ELSE(0) 
s43_full = IF(s43>69)THEN(0)ELSE(1) 
s43_turn = IF(TIME<76)THEN(1)ELSE(-1) 
s44_full = IF(s44>29)THEN(0)ELSE(1) 
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Appendix 8  Design fires---Desk and Sofa 
  
Desk   
Time (sec) HRR (kw) Mass Loss (g/s) 
0 0 0 
200 325 18.98919 
400 720 42.06836 
600 520 30.38271 
800 640 37.394 
1000 430 25.12416 
1200 750 43.82121 
1400 1250 73.03535 
1600 700 40.8998 
1800 550 32.13556 
2000 560 32.71984 
2200 650 37.97838 
2400 680 39.73123 
2600 980 57.25972 
2800 830 48.49547 
3000 730 42.65265 
3200 550 32.1355 
3400 440 25.7084 
3600 420 24.53988 
3800 300 17.52848 
4000 150 8.764242 
-9 -9 -9 
 
Sofa   
Time (sec) HRR (kw) Mass Loss (g/s) 
0 0 0 
100 50 1.923077 
200 30 1.153846 
300 350 13.46154 
400 410 15.76923 
500 350 13.46154 
600 190 7.307693 
700 200 7.692307 
800 580 22.30769 
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900 510 19.61539 
1000 400 15.38461 
1100 380 14.61539 
1200 380 14.61539 
1300 400 15.38461 
1400 350 13.46154 
1500 280 10.76923 
1600 250 9.615385 
1700 230 8.846154 
1800 190 7.307693 
1900 170 6.538462 
2000 150 5.769231 
-9 -9 -9 
 
1 Desk& 
1Sofa 
  
Time (sec) HRR (kw) Mass Loss (g/s) 
0 0 0 
1 0.5 0.0012+00 
101 212.3 11.40998 
201 358.2 20.26611 
301 873.1 44.01339 
401 1129.4 57.81451 
402 1127.8 57.73301 
502 965.8 49.50557 
602 710.8 37.73315 
702 788.2 41.90808 
801 1219.3 59.67487 
901 1043.9 50.83221 
1001 829.8 40.50108 
1002 831.2 40.58687 
1102 971.6 49.18156 
1202 1132.9 58.59806 
1302 1401.5 73.92049 
1402 1595.85 86.28236 
1502 1251.65 67.55305 
1602 948.85 50.45598 
1702 853.45 45.28924 
 93
1802 739.65 39.43079 
1902 724.65 38.9537 
2001 560 32.71984 
2002 560.45 32.74613 
2102 605.45 35.3754 
2202 650.15 37.98714 
2302 665.15 38.86357 
2402 681.5 39.81887 
2502 831.5 48.58312 
2602 979.25 57.2159 
2702 904.25 52.83377 
2802 829.5 48.46626 
2902 779.5 45.54485 
3002 729.1 42.60006 
3102 639.1 37.34152 
3202 549.45 32.10342 
3302 494.45 28.88986 
3402 439.9 25.7026 
3502 429.9 25.11832 
3602 419.4 24.50482 
3702 359.4 20.99912 
3802 299.25 17.48466 
3902 224.25 13.10254 
4002 0 0 
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Appendix 9 Input and Output of CFAST (Fire-L12, 1D1S) 
 
TIM E U pper Layer 
Temp(  1) 
Lower Layer 
Temp(  1) 
Layer 
Height(  1) 
Upper Layer 
Temp(  2) 
Lower Layer 
Temp(  2) 
Layer 
Height(  2) 
Upper Layer 
Temp(  3) 
Lower Layer 
Temp(  3) 
Layer 
Height(  3) 
0 293.00 293.00 9.00 293.00 293.00 9.00 293.00 293.00 9.00 
10 294.00 293.00 5.89 294.00 293.00 8.04 293.00 293.00 8.55 
20 296.00 293.00 4.97 295.00 293.00 5.47 294.00 293.00 6.96 
30 298.00 294.00 4.56 296.00 294.00 3.63 295.00 294.00 5.70 
40 300.00 294.00 3.93 297.00 294.00 2.48 296.00 294.00 4.58 
50 302.00 295.00 3.29 299.00 294.00 1.73 298.00 294.00 3.50 
60 305.00 295.00 2.69 301.00 295.00 1.19 299.00 295.00 2.54 
70 307.00 296.00 2.12 303.00 295.00 0.75 301.00 295.00 1.77 
80 310.00 297.00 1.59 305.00 296.00 0.41 303.00 296.00 1.17 
90 313.00 298.00 1.12 308.00 296.00 0.18 305.00 297.00 0.73 
100 316.00 300.00 0.73 311.00 296.00 0.06 307.00 297.00 0.43 
110 320.00 302.00 0.46 314.00 296.00 0.02 310.00 298.00 0.24 
120 324.00 306.00 0.27 317.00 294.00 0.00 313.00 298.00 0.13 
130 329.00 312.00 0.14 322.00 294.00 0.00 316.00 298.00 0.06 
140 334.00 324.00 0.07 326.00 295.00 0.00 320.00 298.00 0.03 
150 339.00 341.00 0.03 331.00 295.00 0.00 324.00 296.00 0.01 
160 344.00 363.00 0.02 335.00 296.00 0.00 328.00 296.00 0.01 
170 350.00 382.00 0.01 340.00 296.00 0.00 332.00 296.00 0.00 
180 356.00 399.00 0.01 346.00 297.00 0.00 337.00 296.00 0.00 
190 362.00 412.00 0.01 351.00 298.00 0.00 342.00 297.00 0.00 
200 367.00 422.00 0.01 356.00 299.00 0.00 346.00 298.00 0.00 
210 373.00 432.00 0.02 361.00 300.00 0.00 351.00 299.00 0.00 
220 380.00 442.00 0.02 367.00 301.00 0.00 356.00 300.00 0.00 
230 386.00 451.00 0.02 372.00 303.00 0.00 361.00 301.00 0.00 
240 392.00 460.00 0.03 378.00 304.00 0.00 366.00 302.00 0.00 
250 398.00 470.00 0.03 383.00 306.00 0.00 371.00 304.00 0.00 
260 404.00 479.00 0.04 389.00 308.00 0.00 377.00 306.00 0.00 
270 410.00 487.00 0.05 394.00 310.00 0.00 381.00 308.00 0.00 
280 416.00 496.00 0.05 399.00 313.00 0.00 386.00 309.00 0.00 
290 422.00 505.00 0.06 404.00 315.00 0.00 391.00 312.00 0.00 
300 428.00 513.00 0.06 410.00 318.00 0.00 396.00 314.00 0.00 
310 433.00 521.00 0.07 414.00 321.00 0.00 401.00 316.00 0.00 
320 437.00 528.00 0.08 419.00 324.00 0.00 405.00 318.00 0.00 
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330 441.00 534.00 0.08 422.00 326.00 0.00 409.00 321.00 0.00 
340 445.00 540.00 0.09 426.00 329.00 0.00 412.00 323.00 0.00 
350 448.00 545.00 0.09 429.00 332.00 0.00 415.00 326.00 0.00 
360 451.00 550.00 0.10 431.00 335.00 0.00 418.00 328.00 0.00 
370 454.00 554.00 0.11 434.00 337.00 0.00 420.00 331.00 0.00 
380 456.00 558.00 0.11 436.00 340.00 0.00 423.00 333.00 0.00 
390 459.00 562.00 0.12 439.00 343.00 0.00 425.00 335.00 0.00 
400 461.00 566.00 0.13 441.00 345.00 0.00 427.00 337.00 0.00 
410 463.00 569.00 0.13 443.00 348.00 0.00 429.00 340.00 0.00 
420 465.00 573.00 0.14 445.00 350.00 0.00 431.00 342.00 0.00 
430 467.00 576.00 0.15 447.00 353.00 0.00 433.00 344.00 0.00 
440 469.00 579.00 0.15 449.00 355.00 0.00 435.00 346.00 0.00 
450 471.00 582.00 0.16 451.00 357.00 0.00 437.00 348.00 0.00 
460 473.00 585.00 0.16 452.00 360.00 0.00 438.00 350.00 0.00 
470 475.00 588.00 0.17 454.00 362.00 0.00 440.00 352.00 0.00 
480 477.00 591.00 0.18 456.00 364.00 0.00 442.00 354.00 0.00 
490 479.00 594.00 0.18 457.00 366.00 0.00 444.00 356.00 0.00 
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CFAST input file: 
 
VERSN    3CIB BUILDING (ROO:L21, DESIGN FIRE:1D1S) 
#VERSN 3 CIB BUILDING (ROO:L21, DESIGN FIRE:1D1S) 
TIMES    500      0     10     20      0 
TAMB  293.150        101300. 0.000000 
EAMB  293.150        101300. 0.000000 
HI/F  0.000000 0.000000 0.000000  
WIDTH  3.60000  3.34000  5.30000  
DEPTH  3.60000  3.34000  5.30000  
HEIGH  9.00000  9.00000  9.00000  
CEILI GYPSUM   GYPSUM   GYPSUM    
WALLS GYPSUM   GYPSUM   GYPSUM    
FLOOR PLYWOOD  PLYWOOD  PLYWOOD   
#CEILI GYPSUM   GYPSUM   GYPSUM    
#WALLS GYPSUM   GYPSUM   GYPSUM    
#FLOOR PLYWOOD  PLYWOOD  PLYWOOD   
HVENT  1  2  1  2.20000  9.00000 0.000000 0.000000 0.000000 0.000000 
CVENT  1  2  1       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       
1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       
1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000 
HVENT  1  3  1 0.800000  9.00000 0.000000 0.000000 0.000000 0.000000 
CVENT  1  3  1       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       
1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       
1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000 
HVENT  1  3  2 0.800000  9.00000 0.000000 0.000000 0.000000 0.000000 
CVENT  1  3  2       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       
1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       
1.00000       1.00000       1.00000       1.00000       1.00000       1.00000       1.00000 
CHEMI  16.0000  50.0000  10.0000 1.95000E+007  293.150  493.150 0.300000 
LFBO 1 
LFBT 2 
CJET ALL 
FPOS -1.00000 -1.00000 0.000000 
FTIME       101.000       301.000       502.000       702.000       901.000       1102.00       1302.00       
1502.00       1702.00       1902.00       2102.00       2302.00       2502.00       2702.00       2902.00       
3102.00       3302.00       3502.00       3702.00       4002.00 
FMASS      0.000000     0.0108718     0.0447692     0.0494872     0.0404103     0.0534872     0.0497949     
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0.0718462     0.0641538     0.0437436     0.0371282     0.0310256     0.0341026     0.0426154     0.0463590     
0.0399487     0.0327692     0.0253333     0.0220000     0.0184103      0.000000 
FQDOT      0.000000       212000.       873000.       965000.       788000.  1.04300E+006       971000.  
1.40100E+006  1.25100E+006       853000.       724000.       605000.       665000.       831000.       
904000.       779000.       639000.       494000.       429000.       359000.      0.000000 
HCR       0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     
0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     
0.0800000     0.0800000     0.0800000     0.0800000     0.0800000     0.0800000 
OD        0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     
0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     
0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000 
CO        0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     
0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     
0.0300000     0.0300000     0.0300000     0.0300000     0.0300000     0.0300000 
SELECT 1 2 3 
#GRAPHICS ON 
DEVICE 1 
WINDOW    0.    0. -100. 1280. 1024. 1100. 
LABEL  1  970.  960.    0. 1231. 1005.   10. 15 00:00:00 0.00  0.00 
GRAPH  1  100.   50.    0.  600.  475.   10. 3 TIME HEIGHT 
GRAPH  2  100.  550.    0.  600.  940.   10. 3 TIME CELSIUS 
GRAPH  3  720.   50.    0. 1250.  475.   10. 3 TIME FIRE_SIZE(kW) 
GRAPH  4  720.  550.    0. 1250.  940.   10. 3 TIME O|D2|O() 
HEAT   0 0 0 0 3   1 U 
HEAT   0 0 0 0 3   2 U 
HEAT   0 0 0 0 3   3 U 
TEMPE  0 0 0 0 2   1 U 
TEMPE  0 0 0 0 2   2 U 
TEMPE  0 0 0 0 2   3 U 
INTER  0 0 0 0 1   1 U 
INTER  0 0 0 0 1   2 U 
INTER  0 0 0 0 1   3 U 
O2     0 0 0 0 4   1 U 
O2     0 0 0 0 4   2 U 
O2     0 0 0 0 4   3 U 
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